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Abstract
Studies of the kinetics and mechanism of the oxidation 
of amino-acids by chloramine-T, bromamine-T, di-chloramine-T, 
N-chlorosuccinimide and N-bromosuccinimide in the range pH 
2-9 at 25 or 30°C in aqueous solution are described in this 
thesis. The effects of added p-toluenesulphonamide, chloride 
ion, or bromide ion on the rates have been studied.
All the previous work on the chloramine-T oxidations of 
amino-acids was carried out at either pH < 1 or pH > 9 and 
the reactions were followed by iodometric titration. In the 
present work, UV spectrophotometry was used successfully to 
follow the reactions of all the above oxidants. Some runs 
were followed by iodometry for comparison.
In general the kinetics of the oxidation by CAT 
(chloramine-T) with respect to the oxidant were first order 
([CAT]=lxlO“4M) or consecutive first order ([CAT]=3xlO”3M) . 
At pH's > 3  the oxidations were generally first order with 
respect to amino-acid, except for the oxidation of valine and 
arginine which showed Michaelis-Menten kinetics. Below pH 3 
there was little dependence on amino-acid concentrations and 
it is suggested that the active species is HOC1 or H20C1+ 
formed in a partly rate-determining step from CAT. At high 
pH's, the dependence of rate on pH suggests that the CAT 
anion is the active oxidant.
Agreement was observed between the rates of the second 
stages of the oxidations by CAT and N-chlorosuccinimide, 
suggesting that these oxidations proceed via the same 
intermediate which is probably the chloroester. Spectroscopic
-II-
evidence indicates the formation of the inline as another 
intermediate in the N-chlorosuccinimide reaction.
In the oxidations by dichloramine-T the rate constants 
for the second stage agree with the rate constants for the 
CAT oxidations ([oxidant]=1. OxlO*"4 M) . Clearly CAT formed in 
the first stage oxidises the amino-acid in the second stage.
A product analysis of the oxidations of amino-acids by 
CAT has been carried out by NMR and GLC. Formation of an 
aldehyde or a nitrile (depending on the conditions) has been 
confirmed.
Improved calculations of the different species present 
in CAT solutions at various pH's have been carried out.
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CHAPTER ONE 
GENERAL INTRODUCTION
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An introduction to the chemistry of organic-N-halogen. 
compounds and amino-acids.
1.1. History of orqanic-N-haloqen compounds.
Considerable attention has been focused on the chemistry 
of organic-N-halogen reagents (1). The diverse nature of the 
chemistry of these compounds is due to their ability to act 
as sources of halogenium cations, hypohalite species, and 
nitrogen anions ( e.g., sulphonamide or carbamide anions) 
which act both as bases and nucleophiles.
Several organic-N-halogen aryl sulphonamides are commonly 
known by trival names, chloramine-T, (I, X=C1, R=Me, M=Na), 
chloramine-B, (I, X=C1, R=H, M=Na), bromamine-T, (I, X=Br
R=Me, M=Na), and bromamine-B, (I, X=Br, R=H, M=Na). More
recently, a related series of alkylsulphonamide derivatives 
(II) has been developed (1).
0
R-^ D)-jj-N-X «
o
(I) (II) (III)
A range of corresponding organic-N- halogen carbamates (III) 
has been prepared, with varying alkyl and aryl groups and N- 
chloro, N-bromo, and N-iodosubstituents, mainly as the sodium 
and to a lesser extent as the silver salts (1).
Historically, the important early developments in the 
area stemmed from the synthesis of chloramine-T and related 
aryl-sulphonamide derivatives (2-3). Motivation for the
R-S-N-X M 
II 
0
RO-C-N-X M
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development of these reagents was given by the recognition of 
their disinfectant and antiseptic properties.
The use of N-bromo-acetamide as an agent for allylic 
bromination was first reported by Wohl (4) in 1919. However, 
it was not until 1942 that Ziegler and his co-workers (5) 
published the results of their detailed studies on the 
application of N-bromosuccinimide for allylic brominations. 
This type of halogenation has come to be known as Wohl- 
Ziegler reaction and a good review on the subject has been 
published (6). Under different conditions, these N-halo 
compounds also reacted with olefins to add bromine to the 
double bond or act as a source of hypohalous acids in aqueous 
solution.
This earlier work stimulated tremendous interest in this 
group of compounds, which also includes N-chlorosuccinimide 
and N-iodosuccinimide. The compounds have been used 
successfully not only as halogenating agents, but several of 
them have been found to be effective agents for oxidations
and dehydrogenations. The reactions and uses of N-
halosuccinimides were reviewed in 1951 (7), and a good survey 
of the chemistry of these compounds was published in 1963 (8)
Di-chloramine-T has been used as a new oxidimetric 
titrant in a non-aqueous medium (9) . This was suggested by 
the successful use of chloramine-T as an oxidimetric titrant 
in an aqueous medium (10-11).
In order to simplify the discussion and to avoid 
repetition, abbreviations will be adopted for these reagents.
These will be used often in the text and consistently in the
tables. The structural formulae and the abbreviation
-3-
notations are shown below for the compounds involved in the 
present work.
S-NHC1
[CAT] [RNHC1]
[RNC12] or [DCT] [BAT]
h3c-
0 H 
I / 
-S-N 
I \
0 H
✓
c h2-c
I
c h2-c
NCI
[RNH2] [NC1S]
//
CH9- C 
I
c h2- c
NBr
*
[NBrS]
1.2. Introduction to amino-acids.
The physical and chemical properties of amino-acids can 
be explained by the presence of both acidic and basic groups 
in the same molecule. &-amino-acids can be distinguished ( in 
which the amino and the carboxylic functions are both linked 
to the same carbon atom) from p, y, 6r e-amino-acids which 
have a greater distance between the functional groups.
 CH2-CH(NH2)-COOH a-Amino-acids
 CH2-CH(NH2) -CH2COOH /3-Amino-acids
 CH(NH2)-CH2-CH2-CH2-CH2-COOH e-Amino-acids
Naturally occurring amino-acids are usually &-aminocarboxylic 
acids. Amino-acids have often been named accordingly to the 
sources from which they were first isolated: for example,
asparagine was isolated from asparagus juice. Structural 
relationships to other natural compounds have, of course, 
also contributed to the naming of amino-acids, for instance, 
valine is derived from valeric acid. Some names are based on 
peculiarities of the first isolation procedure. Arginine was 
obtained as its silver salt (Latin argentum = silver). With 
the exception of tryptophan and the aminodicarboxylic acids, 
the names of amino-acids all end in "-ine" (cf. amine).
1.3. Some properties of amino-acids.
1.3.1. Solubility.
With few exceptions, amino-acids are readily soluble in 
water and other polar solvents, but they are poorly soluble 
in non-polar and less polar solvents, such as ethanol,
-5-
methanol, acetone, etc. The reason for this is that amino- 
acids which are often written as the uncharged molecules (IV) 
really exist almost entirely in the zwitterion forms (V) in 
neutral aqueous solutions.
R R
• + I
h 2n -c h-c o o h h 3n -c h-coo
(IV) (V)
The transition into the uncharged molecule (IV) is necessary 
for solubility in less polar solvents. However, such a 
transition is not energetically favoured. The solubility of 
amino-acids also depends on their side chains.
The aromatic amino-acids, tyrosine and phenylalanine, 
and the amino dicarboxylic acids have particularly low 
solubilities in water. The amino-acids proline and hydroxy- 
proline have relatively high solubilities.
1.3.2. Acid-base behaviour.
Because of the bifunctional nature of amino-acids their 
state of dissociation depends strongly on the pH of their 
environment. Only in neutral solution do amino-acids have a 
zwitterionic structure. In strongly acidic media the 
dissociation of the COOH group will be suppressed and the 
amino-acids form cations H3N+-CHR-COOH. Correspondingly in 
strongly alkaline solution anions H2N-CHR-COO” are formed. 
The acid-base behaviour of amino-acids may be summarised in 
the following reactions:
-6-
0 0 0 
// H+ // H+ //
CHR-C  ^■ -*■ CHR-C r" v CHR-C  (1)
I \ OH” I \ OH” | \
n h 2 o ” +n h 3 o ” +n h 3 OH
anion dipolar cation
zwitterionic 
structure
The dissociation constant of the cation is given by
[H3N+-CHR-COO”][H+ ]
K± = ____________________   (1.3.1)
[H3N+-CHR-COOH]
and the dissociation constant of the zwitterion by
[H2N-CHR-C00”][H+]
K2 = — __________________  (1.3.2)
[H3N+-CHR-C00“]
Most amino-acids show only two dissociations, therefore we 
have only pl^ and pK2 values to consider for these, but with 
trifunctional amino-acids such as lysine and glutamic acid 
there are three dissociations (pK^, PK2' PK3) take into 
account.
Glycine (pK^ = 2.34) is a stronger acid than acetic acid 
(pK =4.7). As the distance between the amino and carboxyl 
groups in the molecule increases, this effect becomes weaker. 
Thus the p ^  of 0-alanine H2NCH2CH2COOH is 3.6 and the pK-^  
of 6-aminohexanoic acid H2NCH2CH2CH2CH2CH2COOH, 4.43, differs 
by only 0.27 pH units from that of acetic acid. On the other 
hand, the basic character of the amino group is weakened by 
the COO” group. Thus glycine (pK2 = 9.72) is less basic than
-7-
the comparable ethylamine (pK = 10.75). Amino-acid esters 
(glycine ethyl ester, for example, pK = 7.7) are even less 
basic.
A further characteristic index of the acid-base 
behaviour of amino-acids is the isoelectric point, sometimes 
abbreviated to I.P. or pH^. This is the pH at which the 
maximum number of amino-acid molecules are present as 
zwitterions
In simple amino-acids the pH^ values is the arithmetic 
mean of the pK^ and the pK2 values, in basic amino-acids that 
of pK2 and pK3 values. Thus for glutamic acid the isoelectric 
point is given by
2.16 + 4.32
pHj^   ------------- = 3.24 and for lysine
2
9.12 + 10.53
pHi =  = 9.82
2
-8-
Table (1.1). Decomposition points (D.P.), solubilities and 
dissociation constants of the amino-acids in 
aqueous solution.
amino-
acids
D.P.
°C
Solubility 
g/100 ml at 25 °C
pKx pK2 pK3 pHi
glycine 292 
alanine 297 
valine 315 
proline 222 
hydroxy- 270 
proline 
serine 228 
arginine 238
glutamic 249 
-acid
lysine 224
24.99
16.65
8.85
16.23
36.1
5.0
0.86
2.34
2.34 
2.32 
1.99 
1.92
2.21
2.17
2.16
9.60
9.69
9.62
10.6
9.73
5.97
6.01
5.96
6.30
5.83
9.15 — - 5.68
9.04 12.84 10.76
<sc-NH2 
4.32 9.96 3.24
2.18 9.12 10.53 ---
-9-
1.4. Some properties of chloranHne-T.
Chloramine-T (CAT) is the sodium salt of the acid N- 
chloro toluene-p-sulphonamide, (p-CH3C6H4S02-NClNa, 3H20). It 
is a strong electrolyte (12) in aqueous solutions and
solutions contains the anions RNC1”. The anion picks up a
proton in acid solutions to give the free acid
monochloramine-T [reaction 2 ] (13)•
RNC1“ + H+ <=....   ^ RNHC1  (2)
Ka  = 2.82xl0“5
Although the free acid has not been isolated there is
experimental evidence for its formation in acid solutions(12) 
It undergoes disproportionation giving rise to toluene-p-
sulphonamide, and di-chloramine-T (14) [reaction 3 ]. Di-
chloramine-T and the free acid hydrolyse to give hypochlorous
acid (HOCl) (15) [reactions 4 and 5 ].
2RNHC1 ^  r n h 2 + r n c i 2 (3)
Kd = 5.8x10 2 at 25°C
RNC12 + H2Q -~----- ^ RNHC1 + HOCl
Kh = 8. OxlO-7 at 25 °C
(4)
RNHC1 + H20 ^ RNH2 + HOCl (5)
K'jj = 4.88X10”8 at 25 °C
Finally HOCl ionises according to reaction 6
HOCl (6)
Ka = 3.3xl0“8 at 25 °C
Free chlorine has also been detected in acid medium in the
presence of chloride ion (16). It is probably formed through 
steps 7 or 8.
Therefore, the possible oxidising species in acidified CAT 
solution are RNHC1, RNC12, HOCl, Cl2 and probably H20C1+ and
in alkaline solution RNHC1, HOCl, RNC1" and 0C1".
Bishop and Jennings (12) have calculated the approximate 
concentrations of various species present at different pH's 
in 0.05 M solution of CAT (see Table 1.2).
Chloramine-T behaves both as a chlorinating and an 
oxidising agent in both acidic and alkaline media. This will 
be reviewed in section (1.6.1). Generally chloramine-T 
undergoes a two-electron change in its reactions, the 
products being p-toluenesulphonamide (RNH2) and sodium 
chloride (17).
The redox potential of chloramine-T:RNH2 is pH
dependent (18) and decreases with an increase in the pH of
the medium ( E 1.138, 0.778, 0.614, and 0.5 V at pH
redox
0.65, 7.0, 9.7, and 12 respectively).
0 H 0 H O
+C1 ✓ I
^  . R-S=NH + Cl 2
I \
O Cl
I \
OH Cl OH
K
O
(?)
I
o
K
HOCl + H+ + Cl" V Cl2 + H20
K = 2.15xl03 at 25°C •
(8)
Table (1.2). Concentrations (mol l"1) of various species
present in a 0.05 mol l"1 chloramine-T 
solution over a range of PH values (12).
pH RNC1" RNHC1 r n c i2=r n h 2 HOCl OC1"
0 9.60X10"5 4 .OlxlO"2 9.90X10"3 3.95X10"7 1.30X10"14
1 9.60X10"4 4.OlxlO"2 9.90X10"3 3.95X10"7 1.30X10"13
2 7.80xl0"3 3.24X10"2 7.98X10"3 3.95X10"7 1.30X10"12
3 2.83X10"2 1.18X10"2 2.92X10”3 3.95X10"7 1.30X10"11
4 3.84X10"2 1.60X10"3 3.95X10"4 3.95X10"7 1.30X10"10
5 4.OOxlO"2 1.67X10"4 4.lOxlO"5 3.95X10"7 1.30X10"9
6 4.OOxlO"2 1.67X10"5 4.lOxlO"6 3.95X10”7 1.30X10"8
7 4.OOxlO"2 1.67X10"6 4.lOxlO"7 3.95X10"7 1.30X10"7
8 4.OOxlO"2 1.67X10"7 4.lOxlO"8 3.95X10"7 1.30X10”6
1.5. Stability of aqueous chloramine-T solutions.
The stability of chloramine-T has been critically 
reviewed by Bishop and Jennings (12). Both the solid and its 
aqueous solution (pH 7.7 for 0.05 M solution) are quite 
stable in the absence of other reagents, if they are 
protected from direct sunlight, the titre decreasing by only 
0.02% per month. In hydrochloric acid up to 0.3 M, 
chloramine-T is as stable as in sulphuric and perchloric acid 
media, but with higher concentrations of hydrochloric acid, 
it decreases in stability because it oxidises chloride to 
chlorine (16,19) as shown in Table (1.3).
Results for media of pH > 2.65 obtained by Rao and co­
workers (16) are presented in Table (1.4). At pH 7.7 and 
above, there was no deterioration in one hour in the strength 
of chloramine-T solution at room temperature. However, a 
slight decrease in titre occurred at pH values between 2.65 
and 5.65. This loss in titre may be correlated 
mechanistically with Higuchi's recent observation on the rate 
of formation of di-chloramine-T on varying the pH of 
chloramine-T solutions. The behaviour of the rate of decrease 
in titre is similar to that of the rate of disproportionation 
of monochloramine-T (CH3C6H4S02NHC1) into p-toluene- 
sulphonamide (RNH2) and di-chloramine-T (CH3C6H4S02NC12) (14)
as a function of pH. This indicates that the kinetics of the 
side reaction closely follow those of the disproportionation 
reaction, and the loss in oxidative titre may be ascribed to 
minor side-reactions accompanying the major
disproportionation reaction. The formation of di-
chloramine-T is reported to involve the formation and
Table (1.3). Stability of aqueous chloramine-T solution 
(0.05M) in strongly acidic solutions at 
25-30 °C (19).
Perchloric acid
Sulphuric acid
Hydrochloric acid
• •Iodometnc titre value
ml of thiosulphate (+0.02) 
___________after_________ __
5 min 20 min
0.3M 21.75 21.75
0.5M 21.75 21.75
2.0M 21.75 21.75
0.1M 21.75 21.75
0.5M 21.75 21.75
2.0M 21.75 21.75
0.1M 21.75 21.75
0.3M 21.75 21.75
0.5M 21.62 21.50
1.0M 21.60 21.45
1.8M 21.06 20.32
* Standard titre 21.75 ml.
Table (1.4). Stability of aqueous chloramine-T solution 
(0.05M) at pH 2.65 and 25-30 °C (19).
Iodometric titre value* , 
ml of thiosulphate (+0.02) 
after
PH 60 sec 20 min 60 min
2.65 21.75 ' 21.66 21.66
3.14 21.75 21.66 21.66
3.44 21.75 21.66 21.66
3.74 21.75 21.61 21.66
4.00 21.71 21.52 21.52
4.15 21.71 21.47 21.47
4.45 21.61 21.23 21.23
4.75 21.61 21.23 21.23
5.00 21.61 21.23 21.23
5.65 21.66 21.48 21.48
7.70 21.75 21.75 21.75
9.18 21.75 21.75 21.75
* Standard titre 21.75 ml.
eventual combination of free radicals (16):
RNC1* + Cl’ ---- — ►  RNC12 ....... (9)
The minor side-reactions occurring, namely
2 Cl* — -----► Cl2  (10)
2RNC1* ----► R— N— 1/— R  (11)
Cl Cl
cause only a small loss in oxidative titre as the product 
R2N2C12 will not oxidise iodide.
1.6. Kinetics of oxidation of amino-acids. A review of 
previous work.
The kinetics of oxidations of amino-acids by various 
familiar oxidising agent such as CeIV(20), MnIII(21), Mn04“ 
(22-23), peroxomonosulphate (24-25) etc. have been 
extensively studied. In all these reactions, one of the 
oxidation products of the amino-acid is the corresponding 
aldehyde. Recently Campbell and Johnson (1) have reviewed the 
existing literature on the chemistry of CAT and related 
compounds. Mention may be made of the work of Coull and co­
workers (26) , Pryde and Soper (27) , and Agrawal and co­
workers (28) . Mahadevappa and co-workers have studied the 
mechanism of oxidation of conjugated primary alcohols (29), 
sulfoxides (30), ketones (31), thiocyanates (32), cyanide 
(33), and hydroxylamine (34), by CAT. Natarajan and 
Thiagarajan (35) have studied the kinetics of oxidation of 
secondary alcohols by CAT.
The kinetics of CAT oxidation of aromatic amines, (36)
viz, aniline and p-chloro-, p-bromo- and p-nitro-anilines in 
aqueous ethanol and alkaline medium have been reported. The 
reaction was first order both in the substrate and in CAT, 
and independent of [alkali]. The effect of added salts was 
marginal.
1*6.1 Kinetics of oxidation of am-Sno-acids bv CAT.
Gowda and Mahadevappa (37) have studied the kinetics of 
oxidation of glycine and valine by CAT in hydrochloric acid 
medium. The rate of disappearance of CAT showed a first order 
dependence on both CAT and the amino-acid, and an inverse 
.first order dependence with respect to [H+ ].
The kinetics of oxidation of alanine and phenylalanine 
by CAT in hydrochloric acid medium have been studied by 
Mahadevappa and co-workers (38) at 30 °C. At low acid 
Concentration (0.04-0.10 M) the rate was first order in [CAT] 
and [H+ ] and is independent of the amino-acid concentration. 
Change of ionic strength or addition of the reaction product, 
p-toluenesulphonamide (RNH2) had no effect on the rate, but 
chloride ion increased the rate of oxidation. At higher 
hydrochloric acid concentrations, (0.16-0.35 M), the rate 
showed first order dependence on CAT and amino-acid 
concentrations and was independent of [H+ ]. Change of ionic 
strength or addition of RNH2 or NaCl had no effect on the 
rate.
Parihar et al (39) have studied the kinetics of 
oxidation of arginine-mono-hydrochloride by CAT in NaOH 
media. The reaction followed a first order dependence both in 
oxidising agent and reducing substrate concentrations. An
inverse dependence on NaOH concentration was observed. A 
negligible effect of added salts led to the conclusion that 
the rate determining step involved a neutral molecule.
Oxidation of phenylalanine and serine by CAT in 
alkaline media has been investigated by Mushran et al (40). 
The proposed mechanism involves two schemes. The first was 
followed by the major fraction of the reaction and proceeded 
through the interaction between *-amino-acid molecule and 
mono-chloramine-T in a slow and rate determining step 
resulting in the formation of an intermediate which 
subsequently attacks another molecule of mono-chloramine-T 
in a fast step yielding the products. The second involved a 
minor fraction of the reaction in which hypochlorite ion 
replaces mono-chloramine-T in the above steps.
Mahadevappa et al (41) have studied the oxidation of
arginine and histidine by CAT in hydrochloric acid medium at
30 °C. At low [HC1] (0.04-0.12 M), the plots of log [CAT]
against time were linear indicating a first order dependence
on the concentration of the oxidant, the first order
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rate constant, k increased with arginine concentration, and 
the second order constant is:
k" = k'/[arginine] =4.60+0.06 xlO"2 1 mol”1 s”1. The rate
constant was independent of histidine concentration. Increase 
in the [HC1] increased k^  for both amino-acids. At constant 
[Cl"] ]c increased with [H+]. At constant [H+] addition of 
NaCl increased the rate by an order of 0.7 in [Cl"]. Change 
in ionic strength of the medium and addition of the reaction 
product RNH2 had no effect on the rate. At high [HC1] (0.12- 
0.40 M), the reaction still showed a first order dependence
on [CAT] and the rate increased with amino-acid 
concentration. A plot of log (k') against log [amino-acid] 
gave a straight line with slopes of 0.61 and 0.67 for 
arginine and histidine, respectively. The rate was unaffected 
by an increase in [HC1], addition of NaCl, the reaction 
product RNH2, or when the ionic strength of the solution was 
varied.
The kinetics of oxidation of arginine by CAT have also
been studied by Mahadevappa and co-workers (42) in HC104 and
o . . . . .H2S04 media at 30 C. The reaction followed identical kinetics
in both acids, first order each in [CAT] and [arginine] and 
inverse first order in [H+]. Addition of the reaction product 
RNH2 or C104“ and S04”2 and variation of ionic strength of 
the medium have no effect on the rate.
The kinetics of oxidation of arginine and histidine,(43) 
and threonine (44-45) by CAT have been carried out in 
alkaline medium. The rates were first order in both [CAT] and 
[amino-acid] and inverse fractional order in [OH"] for 
arginine and histidine. The rate was independent of [OH"] for 
threonine.
Gupta (44) has observed that in the case of threonine 
the rate of reaction decreased gradually with an increase in 
concentration of sodium hydroxide only at higher alkali 
concentration and becomes independent at its lower 
concentration. Variation of ionic strength and addition of 
the reaction product RNH2, or Cl” ions had no effect on the 
rate. The oxidation process in alkaline medium, under 
conditions employed in this study, was shown to proceed via 
two paths, one involving the interaction of RNHC1
(formed rapidly from RNC1” ) with the amino-acid in a slow 
step to form mono-chloro amino-acid. This subsequently 
interacts with another molecule of RNHCl in a fast step, to 
give the products, p-toluenesulphonamide (RNH2) and the 
corresponding nitrile of the amino-acid (RCN). The other path 
involves the interaction of RNCl” with the amino-acid in a 
similar way to give RNH2 and RCN.
The kinetics and mechanism of oxidation of threonine
in the presence of HC1, HC104 and H2S04 by CAT has been
o
investigated by Mahadevappa and co-workers (46) at 35 C. The 
reactions follow identical kinetics in all acids, being first 
order in CAT, fractional order in substrate and Cl” ion, and 
of an inverse fractional order in [H+ ]. Variation of ionic 
strength and addition of the reaction product, RNH2, or the 
ions S04”2 and C104" had no effect on the rate. Lowering of 
the dielectric constant of the medium by adding methanol 
decreased the rate.
A reinvestigation for the oxidation of threonine by CAT 
has been carried out by Vivekanandam and co-workers (47) The 
initial rate of oxidation was of second order in [CAT] and
first order in [substrate]. RNH2 and H+ ion have an 
inhibitory effect whereas the Cl” ion shows a catalytic 
effect. The mechanism was proposed according to their
experimental observations wherein there was an electrophilic 
attack on the carboxylate group of the amino-acid which leads 
to the formation of the product.
Katgeri et al (48) have studied the kinetics of
oxidation of leucine, serine, lysine and glutamine by CAT in
o
hydrochloric acid medium (0.03-0.10 M) at 30 C. The reaction
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showed first order dependence on both [CAT] and [H+ ] and was 
independent of the concentration of the substrate. Change of 
ionic strength and presence of the addded reaction product 
RNH2 had no effect on the rate. The reaction was catalysed by 
chloride ion.
Mahadevappa et al (49) have studied the kinetics of
oxidation of leucine, serine, glutamine and glutamic acid by
o
CAT in perchloric acid medium at 30 C. The reaction showed 
first order dependences both on CAT and amino-acid and was 
inverse first order with respect to H+ ion. Ionic strength 
and presence of the added reaction product, RNH2 had no 
effect on the rate. The reaction again was catalysed by 
chloride ion.
Mushran et al (50) have investigated the kinetics and 
mechanism of oxidation of leucine by CAT in alkaline media. A 
first order dependence in CAT and leucine and a near inverse 
first order dependence in hydroxide ion had been observed. 
Changing the ionic strength had a negligible effect. The 
oxidation process was shown to proceed via two paths, one 
involving mono-chloramine-T as the main oxidising species and 
the other involving hypochlorite ion, each interacting in a 
slow step with a leucine molecule leading to formation of 
monochloroleucine acid, which subsequently interacts with 
another molecule of mono-chloramine-T or hypochlorite ion 
respectively yielding products.
Mushran et al (51) have suggested that the mechanism of 
oxidation of proline by CAT can proceed via two pathways. (I) 
Interaction of mono-chloramine-T molecule, produced in a 
fast step from CAT, with proline in a slow step resulting in
the formation of an intermediate, which in a subsequent fast 
step reacts with another molecule of mono-chloramine-T 
yielding the products. (II) In this pathway the hypochlorite 
ion replaces mono-chloramine-T in the above steps. There is 
negligible influence due to ionic strength and a positive 
dielectric effect.
The experimental results for the oxidation of 
hydroxyproline (52) by CAT indicated that pyrrole-2- 
carboxylate may not be an intermediate in the oxidation of 
hydroxyproline by CAT although the final product appeared to 
be pyrrole.
1.6.2. Kinetics of oxidation of amino-acids bv BAT.
Kinetic investigations of the oxidation of glycine, 
valine, alanine, and leucine by BAT have been made by
Mahadevappa and co-workers (53) in acetate buffers of pH 6.0
o
at 35 C. The rate showed a first order dependence on oxidant 
concentration but fractional order in amino-acid 
concentration. Addition of Cl“ and Br” had no effect on the 
rate. The ionic strength of reaction mixture was varied by 
adding sodium perchlorate (0.1-1.0 M) and the reaction rate 
was found to be unaffected. Addition of the reaction product, 
RNH2 (up to 0.01 M) had no influence on the rate. The rate of 
oxidation increased in the order leucine > alanine > valine > 
glycine.
Gowda and Rao (54) have investigated the kinetics and 
mechanism of oxidation of L-alanine, L-valine, L-leucine, L- 
serine, L-threonine, L-arginine, L-histidine, L-glutamic acid 
and L-glutamine by BAT in the alkaline medium. Generally the
reaction was first order in [BAT] and zero order in [amino- 
acid] at both low and high [alkali]. The rate was independent 
of [OH”] at low [alkali] and the reaction was fractional 
order in [0H“] at high [alkali]. Change in ionic strength 
over the range 0.05-0.5 M had no effect on the rate. Addition 
of Cl”/Br” ion ( in the form NaCl/NaBr) had no effect on the 
rate. With the exception of threonine and glutamic acid, 
addition of reaction product RNH2 did not affect the rate. In 
the case of threonine and glutamic acid the rate decreased 
with increase in [RNH2].
The kinetics of oxidation of L-serine, L-threonine, 
L-glutamic acid, L-glutamine, L-arginine and L-histidine by 
BAT have been investigated by Gowda and Rao (55) in 
perchloric acid medium. In general the rate was first order 
in [oxidant], fractional order in [amino-acid] and inverse 
fractional order in [H+ ]. Added bromide and RNH2 and varying 
ionic strength and dielectric constant of the medium had no 
effect on the rate of the reaction.
1.6.3. Kinetics of oxidations bv DCT.
The reaction between DCT and cresol was studied for the 
first time by Higuchi and Hussain (56) . The reaction was 
followed spectrophotometrically; the absorbance at 244 nm 
showed an initial rapid, essentially first order decrease 
followed by a very much slower second order change. There 
have been no reports of the oxidation of amino-acids by DCT.
1.6.4. Kinetics of oxidation of amino-acids bv NC1S and NBrS.
The kinetics of the oxidation of a number of aliphatic
and aromatic secondary alcohols with NBrS have been 
investigated (57). Electron-withdrawing substituents retard 
the reaction considerably and electron-releasing substituents 
increase the rate of oxidation. There was also a good 
correlation between the rates of the NBrS oxidations and 
bromine oxidations of these alcohols.
NBrS reacts vigorously at room temperature with &-amino- 
acids (58) (e.g., alanine, leucine, and &-phenylglycine), 
yielding aldehydes containing one carbon atom less, i.e., 
acetaldehyde, isovaleraldehyde, and benzaldehyde
respectively.
NBrS + RNHCHRC02H RNBrCHRC02H
or
(RNHCRBrC02H)
NH2R + C02 + RCHO
h 2o
+ NSH-
r n c r c o 2h
. . . (12)
(Scheme 1)
N-methylglycine yielded formaldehyde when treated with 
NBrS (59).
A systematic kinetic study of the oxidation of glycine 
by (NBrS) in presence of mercuric acetate in acetic acid- 
water media has been made by Mushran and co-workers (60). 
Near first order dependence on hydrogen ion concentrations 
was observed. The effect of changing the ionic strength was 
negligible, but increasing the proportion of water in the 
solvent increased the rate.
Rao et al (61) have studied the kinetics of oxidation of 
glycine, ^-alanine, B-alanine, phenylalanine, leucine, serine
and threonine by NBrS in acetic acid-water mixtures in the 
presence of mercuric acetate. The overall order was found to 
be two, first order with respect to each reactant.
The kinetics of oxidation of glycine, alanine, leucine 
and arginine by NBrS in aqueous perchloric acid have been 
studied by Radhakrishnamurti and co-workers (62) at 30°C. The 
reaction was first order in [NBrS], fractional order in 
[amino-acid] and inverse fractional order in [H+]. Variation 
in ionic strength had no effect on the reaction rate, 
although there was a pronounced acceleration due to the added 
bromide ion.
Mushran et al (63) have studied the oxidation of alanine 
and valine by NBrS in the presence of mercuric acetate in 70% 
glacial acetic acid. The reaction followed similar kinetics, 
being first order with respect to both NBrS and the amino- 
acid, and inverse first order in hydrogen ion. The effect of 
varying ionic strength on the rate of oxidation was 
negligible. Addition of succinimide, the reduction product of 
NBrS had a retarding effect on the rate of oxidation. The 
same workers (64) have studied the oxidation of serine by 
NBrS in the presence of mercuric acetate in 70 % acetic acid 
media. The reaction showed a first order dependence in both 
serine and NBrS. The order in hydrogen ion concentration was 
found to be nearly minus one. Variation in ionic strength had 
an insignificant effect on the rate. The addition of 
succinimide showed a small retarding effect.
Kinetic investigations involving the NBrS oxidation of 
leucine and phenylalanine have been carried out by Mushran 
and co-workers (65) in 70% glacial acetic acid-water media.
The results showed a first order dependence with respect to 
both amino-acids and NBrS and an inverse first order 
dependence on hydrogen ion concentration. Addition of sodium 
perchlorate was found to have negligible effect on the 
oxidation process while succinimide had a retarding effect on 
the rate of oxidation.
Hogg and Gopalakrishnan (66) have studied the kinetics 
of oxidation of glycine, DL-alanine and DL-valine promoted by 
NBrS as a function of pH. The pH-rate profile for glycine was 
bell-shaped while those for alanine and valine exhibit an 
inverted bell shape. At pH 3.7, glycine exhibits Michaelis- 
Menten kinetic behaviour but showed substrate inhibition at 
pH 5.0. Both alanine and valine display zero order dependence 
on substrate concentration at pH 3.7 but exhibited Michaelis- 
Menten behaviour at pH 5.0. A mechanism involving the 
formation of an acyl hypobromite of glycine followed by
decomposition to an imine, and subsequent rapid conversion of 
imine to products, was proposed. A similar mechanism was 
proposed for the oxidation of alanine and valine, and in
addition slow abstraction of the hydrogen as hydride ion from
the substrate as well as its acyl hypobromite to give the 
imine.
There seem to have been no reports concerning the 
reaction of NC1S with amino-acids except the work by 
Ramachandran and co-workers (67). They studied the kinetics 
of oxidation of alanine, valine, serine, threonine and
glutamine promoted by NC1S in aqueous buffered media. At 
pH 3.9, except glutamine, all the other four amino-acids 
exhibited Michaelis-Menten kinetic behaviour. The reaction
was inverse fractional order in hydrogen ion and succinimide 
concentration. A mechanism involving the formation of a 
chloroester (acylhypochlorite), which decomposes in the rate 
determining step to an imine and followed by conversion to 
the products was proposed.
1.7. Mechanisms proposed in previous work for the reaction 
of CAT with amino-acids.
General mechanisms have been proposed for both acid and 
alkaline medium oxidations by several workers (38, 68-77)
These workers suggest that the oxidation process in acid 
media has been shown to proceed via two paths, one involving 
the direct interaction of N-chlorotoluene-p-sulphonamide 
(RNHC1) with the zwitterion amino-acid in a slow step leading 
to the formation of the monochloro-amino-acid. The other 
involves the interaction of Cl2 or H20C1+ , produced from the 
disproportionation of RNHC1 in the presence or absence of Cl“ 
with the substrate. In both cases the subsequent step is 
molecular rearrangement and elimination to yield the product. 
In alkaline medium, mechanisms involving the interaction of 
RNHC1, H0C1, RNC1” and 0C1“ with the substrate were proposed.
Although there have been many kinetic investigations, 
the mechanisms proposed to account for the kinetics are often 
inconsistent. It is therefore necessary to consider the 
different schemes which have been proposed.
1.7.1. Mechanism in acid medium.
As pointed out already, in acid solutions of CAT, RNHC1, 
RNC12 and H0C1 are the probable oxidising species.
(a) At low hydrochloric acid concentrations.
Direct interaction of RNHC1 with the substrate is 
unlikely since, the rate is independent of the substrate 
concentration. It has been suggested (68) that RNHC1 picks up 
a proton to form protonated monochloramine-T, which 
subsequently interacts with Cl” in slow step to give 
molecular chlorine followed by a rapid interaction of the 
latter with the substrate. The overall reaction may be 
represented as in scheme 2.
RNHC1 + H+ + Cl” ------ ►RNH2 + Cl2 Slow (13)
Cl2 + S ------ ► N-chloroamino-acid + H+ + Cl” Fast (14)
n Cl2 + N-chloroamino-acid ------ ►Products Fast (15)
S = Zwitterion of the amino-acid*
(Scheme 2).
(b) At high hydrochloric acid concentrations.
The rate of oxidation of amino-acids at high HC1 showed 
a first order dependence on both the oxidant and substrate 
concentrations and was independent of [H+ ] and [Cl“] (38,
68). Variation of ionic strength of the medium and addition 
of the product p-toluenesulphonamide had negligible effects 
on the rate (38, 68). The following scheme has been suggested 
for the CAT oxidation of amino-acids at low pH.
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S + H+ Fast (16)
RNHC1 + H+ ^ =a» RNH2C1+ Fast (17)
r n h 2ci+ +h 2o ► h 2o c i+ + r n h 2 Slow (18)
H20C1+ + S ►N-chloroamino-acid + H30+ Slow (19)
H20C1+ + N-chloroamino-acid Products Fast (20)
(Scheme 3)
(c) Perchloric and sulphuric acid media.
Oxidation of amino-acid by CAT in perchloric or 
sulphuric acid media showed first order dependence each on 
[CAT] and [substrate] (42,68). Therefore, direct interaction 
of RNHCl and the substrate is quite likely to form a reaction 
intermediate which in turn undergoes further reactions to 
give the products (Scheme 4). Variation of ionic strength of 
the medium or addition of the reaction product, p-toluene- 
sulphonamide, had no effect on the rate*
SH+ S + H+ Fast (16)
RNHCl + S ------ ►N-chloroamino-acid + RNH2 Slow (21)
N-chloroamino-acid + RNHCl ------ ►products Fast (22)
1.7.2. Mechanism in alkaline medium.
The major species in alkaline CAT solutions is RNC1” . A 
small amount of 0C1” is present (see Table 1.2). Several 
workers have observed the retarding influence of OH” ions on 
the rate of CAT reactions with succinimide (78), &-hydroxy-
(Scheme 4)
acids (79) and arginine-mono-hydrochloride (39) and have 
suggested that the reactivity of weakly alkaline solutions of 
CAT is due to the small amount of H0C1 and to the conjugate 
acid RNHCl formed from RNCl”. The concentrations of both 
these species decreases with increase of pH. Therefore, in 
alkaline oxidations, two competitive reactions are possible, 
one involving RNHCl as the reactive species and the other 
involving H0C1. In very dilute alkali solutions (pH < 11) the 
reaction involving RNHCl is probable and at higher alkali 
concentrations (pH > 11) the most likely, reactive species is 
H0C1 or 0C1" or possibly RNCl”.
RNCl” + H20 RNHCl + OH” (23)
RNCl” + H20   * RNH2 + 0C1” (24)
0C1” + H20  ------- H0C1 + OH” (25)
The following schemes has been proposed to account for the 
observed kinetics of the oxidation of amino-acids by CAT in 
alkaline solution (68, 80).
RNCl” + H20 -------►RNHCl + OH”
RNHCl + RCH(NH2)COO” ► R N ^  + RCH(NHC1)C00
RCH (NHC1) COO” +RNHC1 ------ ►Products
(Scheme 5).
RNCl + RCH(NH2)C00” ►RCH(NHC1) C00”+ RNH” Slow (26)
RCH(NHC1) COO” + RNCl” -------►Products Fast (27)
RNH” + H20 -------►RNH2 + OH” Fast (28)
(Scheme 6).
Fast (23) 
Slow (21) 
Fast (22)
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RNC1" + H20 -------►OCl” + RNH2 Fast (24)
OCl" + RCH(NH2)COO” ------►RCH(NHC1)COO” + OH” Slow (29)
RCH(NHC1) COO” + 0C1” ------ ►Products Fast (30)
(Scheme 7).
RNCl” + H20 -------►OCl” + RNH2
OC1” + H20 HOCl + OH”
HOCl + RCH(NH2)C00“----- ► RCH (NHC1) COO
RCH(NHC1) COO” + HOCl ------ ►Products
(Scheme 8).
1.7.3. Mechanism of the chloride ion catalysed reaction of 
chloramine-T with amino-acids.
Addition of chloride ion increases the rate of reaction 
in acid solution (see Section 1.6.1). A similar behaviour is 
seen in the Orton rearrangement (81) involving organic 
haloamides. The following scheme has been proposed to explain 
the observed kinetics (41, 47, 49, 68):-
SH y —issugjsfe. S + H+
RNHCl + Cl" k * X
X + s -------►N-chloroamino-acid + RNH2 + Cl
N-chloroamino-acid + X ------- ►Products
(Scheme 9)
(16)
(33)
(34)
(35)
Fast (24) 
Fast (25) 
" + H20 Slow (31) 
Fast (32)
The suggested structure of the complex (X) formed between CAT
and Cl” is simply (47, 68):-
8~  8*
R-N-Cl Cl
I
H
Other workers (38, 48, 82) suggested that, the attacking
species will be either molecular chlorine formed by the 
interaction of RNHCl and Cl” ion or HOCl formed by the 
hydrolysis of the former species as shown in scheme (10):-
RNC1" + H+ -.*> RNHCl Fast ( 2)
RNHCl + Cl” ------- ► RNH” + Cl2 (Slow and rate
determinig step) (3 6)
Cl2 + H20 -^ = ..- ► HOCl + H+ + Cl’ Fast ( 8)
HOCl + H+ ------ ► H 2OCl+ Fast (37)
H2OCl+ + S -------►Product Fast (19)
RNH” + H+ -------►RNH2 Fast (38)
(Scheme 10).
Recently Gowda et al (83) studied the kinetics of the
chloride ion catalysed oxidation of arginine by CAT in
o . . .
perchloric acid medium at 30 C. Due to the participation of
different reactive species of the oxidant in the rate 
determining steps, the kinetics of chloride ion catalysed 
oxidations are different from those of uncatalysed 
oxidations.
1.8. Evidence for the formation of intermediates in the 
oxidations of amino-acids bv halogen compounds.
Although intermediates have been proposed in the
oxidations of amino-acids by CAT there is no direct evidence 
for them. Margerum et al (84) have discussed the formation of 
chlorinated derivatives of amino-acids and have pointed out 
that the final product of oxidation depends on whether or not 
an excess of CAT is present. Chloro derivatives are unstable 
and decompose to chloride ion, carbon dioxide and imine 
(which hydrolyses to ammonia and carbonyl products). In the 
presence of excess CAT the chloro derivative reacts with 
another molecule of the oxidant to give nitrile as product. 
The reactions are similar to those that take place with 
sodium hypochlorite (85). One mole of CAT converts the amino- 
acid to an aldehyde, carbon dioxide and ammonia? two moles to 
a nitrile and carbon dioxide.
R-CH(+NH3)COO" + CAT -----  1
There is direct evidence, however, for the intermediate 
formation in some oxidations of amino-acids and anilines by 
other halogen compounds (86-89). Kantouch et al (87) proposed 
that intermediates are formed in the oxidation of amino-acids 
with sodium hypochlorite at pH 2 and 8. Evidence for the 
formation of intermediates during the oxidation of amino-
(39)
R-CH(+NH3)C00C1 + r n h 2 + Cl"
h 2o +
RCHO + NH3 r n h 2 + Cl
acids by hypochlorite came from a kinetic study of the 
reaction. A plot of the reciprocal of the rate constant for 
the oxidation by CAT against the reciprocal of the [amino- 
acid] yielded a linear plot with an intercept which is 
typical of a reaction proceeding through an intermediate 
complex prior to the rate determining step (90-92).
The formation of an intermediate in the oxidation of 
amino-acids by N-bromosuccinimide is supported by 
spectroscopic evidence. Hogg and Gopalakrishnan (66) carried 
out absorbance measurements on solutions of the amino-acids 
and NBrS in the ultra-violet and visible regions of the 
spectrum. Neither of the separate solutions showed any 
significant absorption in these regions but a mixture of them 
exhibits an absorption maximum at 240 nm. This absorbance was 
found to decrease with time. This clearly shows that the 
reaction involves the formation of an intermediate which then 
decays to the products. When the reaction between glycine and 
NBrS in an aqueous solution buffered to 3.7 has examined at 
240 nm, the absorbance increased rapidly to a maximum and 
then decreased to its final value. The time to reach the 
maximum at 240 nm was between 0 and 50 seconds depending on 
the concentration of the amino-acid. With valine and alanine 
the time to reach the absorption maximum was too short to 
measure. Thus the change in absorbance at 240 nm follows the 
characteristic form for the appearance and decay of an 
intermediate.
In the mechanistic studies described in sections (1.7.1) 
and (1.7.2) the authors suggest that the initial reaction 
between an amino-acid and the oxidising agent leads to the
formation of an intermediate. However, there is disagreement 
concerning the identity of the intermediate. Some workers 
have suggested that it is a chloroamine, whereas others have 
suggested a chloroester (acyl hypochlorite). For example, 
Mahadevappa and co-workers (38,49) proposed that the 
electrophilic attack of the positive chlorine takes place at 
the amino group of the anion of the amino-acid. Vivekanandam 
and co-workers (47) suggest the intermediate is the 
chloroester of the amino-acid. The latter suggestion appears 
more plausible, under any conditions where the amine nitrogen 
bears a positive charge (i.e. neutral or acid solutions). 
Further evidence for the electrophilic attack occurring on 
the carboxylate group rather than the amino group was 
provided by Hogg and Gopalakrishnan. They found that the rate 
constant for the oxidation of glycine ethyl ester by NBrS was 
10 times slower than the rate constant for the oxidation of 
glycine by NBrS (66), a clear indication that attack takes 
place at the ester oxygen.
CHAPTER TWO 
Oxidation of amino-acids bv CAT
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2.1. Introduction.
All the previous kinetic results for the reaction of CAT
described in section (1.6.1) were obtained by iodometry. Many
of the reaction mechanisms in section (1.7) are no more than 
suggestions, so in the present work we aimed to obtain more 
conclusive results by following the reactions by Ultra-Violet 
spectrophotometry as well as by iodometry.
2.2. Aims of the present work.
One of the aims of the present work was to obtain rate
constants for the oxidation of amino-acids by CAT using 
Ultra-Violet spectrophotometry in order to make a comparison 
with rates obtained by the iodometric titration method under 
the same conditions.
The oxidation of amino-acids by CAT in buffered and
unbuffered solutions over a wide range of pH (1.5-9.0) at 25
© . . .and 30 C was studied, to find out the variation of the rate
with pH. In addition the effects of the chloride ion 
catalysed oxidation of amino-acids by CAT were studied in 
acid and alkaline media.
The main object was to put forward rate laws consistent 
with the experimental data with a view to shedding more light 
on the mechanisms of oxidation reactions involving aromatic 
sulphonyl-halogenamines in general and CAT in particular. In 
this chapter we discuss the oxidation kinetics of amino-acids 
by CAT in acid and alkaline media using both techniques. 
Finally, GLC and NMR spectroscopy were used to identified the
products of the reaction of amino-acid with CAT.
2.3. Results.
2.3.1. Experimental results for the rates of oxidation of
6
amino-acids bv CAT at different ranges of pH and 25 C using 
Ultra-Violet spectrophotometry.
(a) At low concentration of CAT (1.0xl0~*M).
Kinetic investigations were carried out at several 
initial concentrations of amino-acids keeping other variable 
parameters constant (see appendix I-VII). First order 
kinetics with respect to CAT were observed, and the rate 
constants (^uv) were computed from the slopes of 
In (A^t) “A ^ j ) against time plots (see Figures 2. 3 .1-2 . 3 . 3) . 
The reaction was followed at wavelength 226 nm as shown, for 
example, in Figure (2.3.4).
An increase in the first order rate constant was 
observed with an increase in amino-acid concentration. The 
second order rate constants were deduced from the slopes of 
rate constant against concentration plots (see Table 2.3.1 
and Figures 2.3.5-2.3.6 for glycine, Table 2.3.4 and Figures 
2.3.7-2.3.8 for alanine, Table 2.3.7 and Figures 2.3.9-2.3.10 
for serine, Tables 2.3.10-2.3.11 and Figure 2.3.11 for 
proline and Table 2.3.14 and Figures 2.3.12-2.3.13 for 
hydroxyproline). For all these amino-acids the order was 
unity with respect to amino-acid. A linear reciprocal plot 
(l/kuv against 1/[amino-acid]) obtained from the results 
listed in Tables (2.3.17a, 2.3.20) for valine and arginine,
and in Table (2.3.11) for proline at high pH, suggests the
-37-
formation of an intermediate in appreciable concentration in 
these reactions. Assuming the following Mickaelis-Menten type 
equation:
1 1 1
  =   +     (2.3.1)
*uv K *x
the equilibrium constants, K, for the formation, and the rate 
constants, kx , for decomposition of the intermediate were 
calculated from the intercepts and slopes of Figures (2.3.14- 
2.3.18) for valine and (2.3.19-2.3.24) for arginine. However, 
at 40 °C the reaction between valine and CAT shows a first 
order dependence on valine concentration (see Table 2.3.17b). 
The reaction rate was found to be very susceptible to change 
in pH of the reaction mixture. Keeping other parameters 
constant, an increase in pH of the medium increased the rate 
of the reaction, reaching a maximum at about pH 5 after which 
a decrease was observed as shown in Figure (2.3.25).
Addition of the reaction product p-toluenesulphonamide 
(RNH2) had no effect on the rate constant in the oxidation of 
amino-acids by CAT (see Tables 2.3.2, 2.3.5, 2.3.8, 2.3.12,
2.3.15 and 2.3.18), however a slight effect was observed in 
the CAT oxidation of arginine (see Table 2.3.22). Chloride 
ion had no effect on the rate constant in the oxidation of 
amino-acids (see Tables 2.3.3, 2.3.6, 2.3.9, 2.3.13, 2.3.16,
2.3.19 and 2.3.21).
Figure (2.3.1)
Plots for determination of first order rate constants 
for the CAT oxidation of amino-acids at 25°C •
cone- hydroxyproline = 0.035 mol
pH=74
glycine r 0.03
pH=45
argirirne = 0-05
pH =52
alanine = 0-14 9
pH =34
r\
-1
,-t
4 IG 18 20 22 21 26 28
XI01
reaction time/s
Figure (2.3.2).
Plots for determination of first order rate constants 
for the CAT oxidation of amino-acids at 25 °C.
X10"1
- 20_
- 2 1 .
- 22.
-23.
-25.
-26.
-27.
-29.
-30.
-32
X101
react ion time / s
In 
lA
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Figure (2.3.3).
Plot for determination of first order rate constant 
'for the CAT oxidation of serine at pH 7.1 and 25*C. 
jserine] = o * o 4M*
X10"1
2 - 20.
- 22.
X10
reaction time/s
AB
B
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Table (2.3.1). Kinetic data for the second order rate
constants in the CAT oxidation of glycine at 
different pH's; [CAT] = l.OxlO"4 mol l""1.
pH Temp. k2
/C /I mol“1s~1
2.7 25 0.02
3.6 25 0.04
3.85 25 0.08
4.5 25 0.13
5.2 25 0.11
5.5 25 0.11
6.05 25 0.10
6.4 25 0.11
6.6 25 0.11
7.0 25 0.11
8.1 25 0.11
2.4 30 *0.05
3.3 30 0.03
5.4 30 0.11
4.5 40 0.32
* is the slope of the plot of l/kuv against 1/[glycine]*
uv
Figure (2.3.5).
Plots for determination of second order rate constants 
for the CAT oxidation of glycine at different pH's and 
25 °C; CCATj =1. OxlO~^mol -l"1.
XI0-3
P H -3*6
X10~2
CglycineJ/mol 1 1
Figure (2.3.6).
Plot for determination of second order rate constant
o
for the CAT oxidation of glycine at pH 7.0 and 25 C; 
CCATJ = 1.Ox10~ 4mo1 l”1.
XI0-3
--------[---------i---------1-------- 1------ 1-------- 1----------1 ;
0 2 4 B 8 10 12 H  If
XI 0“2
CglycineJ/mol 1
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. Table (2.3.2). Effect of addition of reaction product, RNH2
on the rate constant, for the CAT oxidation 
of glycine at 25°C, [CAT] = 1.0xl0”4mol l"1? 
pH = 5.2; [glycine] = 0.07 mol l”1 •
104 [RNH2] 103 kuv
/mol l”1 /s"1
0.1
0.5
1.0
1.2
7.67 
7.65 
7.13
7.68 
7.63
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Table (2 .3.3). Effect of [Cl“] on the rate constant for the
CAT oxidation of glycine at different pH's 
and at 25*0; [CAT] =1.0xl0”4mol l"1;
[glycine] = 0.03 mol l”1.
PH [Cl"] 103 kuv
/mol l"1 /s”1
4.0 —  2.54
4.0 0.05 2.66
4.0 0.10 2.49
4.0 0.15 2.45
6.2 —  3.66
6.2 0.05 3.74
6.2 0.10 3.74
6.2 0.15 3.65
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Table (2.3.4) . Kinetic data for the second order rate
constants in the CAT oxidation of alanine at 
different pH's; [CAT] = 1.0xl0"4mol T 1.
pH Temp. k2
o - 1 - 1/C /I mol xs
3.4 25 0.05
4.55 25 0.08
5.1 25 0.10
5.7 25 0.12
6.2 25 0.13
7.0 25 0.13
7.25 25 0.12
8.0 25 0.13
9.0 25 0.08
3.0 30 *0.07
4.5 30 0.18
5.7 30 0.18
6.85 30 0.33
* is the slope of the plot of l/kuv against l/[alanine]*
Figure (2.37).
Plots for determination of second order rate constants
for the CAT oxidation of alanine at different pH's
and 25 C; |CATJ=1.0x10 mol 1 .
-3
CalanineJ /mol 1
uv
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Figure (2.3.8).
Plots for determination of second order rate constants
for the CAT oxidation of alanine at different pH's 
° .-4 . .-1
and 25 °C; [c a t] = 1. 0x10 mol 1*
X10-3
cn
PH=
XI0-2
j^alanine J/mol 1
-1
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Table (2.3.5). Effect of addition of reaction product, RNH2
on the rate constant, for the CAT oxidation 
of alanine at 25°C; [CAT] = 1.0xl0“4mol l"1; 
pH = 6.2; [alanine] = 0.03 mol l”1.
104 [RNH2] 103 kuv
/mol l”1 /s”1
0.1
0.5
1.0
1.2
3.68
3.22 
3.25
3.22 
3.70
-51-
- Table (2.3.6). Effect of [Cl”] on the rate constant for the
o
CAT oxidation of alanine at pH 4.0 and 25 C; 
[CAT]=1.0xl0”4mol l”1;
[alanine]=0.03 mol l"1 *
[Cl”] 
/mol l-1
1.88
1.88
1.85
1.91
0.05
0.10
0.15
103 kuV
/s-1
-52-
Table (2.3.7). Kinetic data for the second order rate
constants in the CAT oxidation of serine at 
different pH's and at 25°C;
[CAT] = 1.0xl0“4mol l-1.
pH k2
/I mol”1s“1
4.0
4.4 
4.9 
5.2 
5.65 
6.55
7.1
7.5
0.03 
0.06 
0.10 
0.11 
0.13 
0.12 
0.11 
0.10
uv
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Figure (2.3.9).
Plot for determination of second order rate constant 
for the CAT oxidation of serine at pH 4.9 and 25 °C; 
CCAT3 =1.0xicf4mol l-1.
JserineJ/mol 1 ^
uv
-54-
Figure (2.3. 10) .
Plots for determination of second order rate constants
for the CAT oxidation of serine at different pH's
and 2 5 °C ; |CAT)=1.OxlO~4mol l”1.
w
no
X10“2
[serine]/mol 1
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Table
Table (
2.3.8). Effect of addition of reaction product, RNH2
on the rate constant, for the CAT oxidation
©
of serine at pH 5.2 and 25 C;
[CAT]=1.0xl0”4mol I”1; [serine]=0.05mol l”1 *
104 [RNH2] 103 kuv
/mol l”1 /s”1
5.48
0.5 5.49
1.0 5.43
1.2 5.45
2.3.9). Effect of [Cl”] on the rate constant for the
CAT oxidation of serine at pH 6.55 and 25 C;
[CAT]=1.0xl0”4mol l"1; [serine]=0.03 mol I”1*
[Cl”] 103 kuv
/mol l”1 /s”1
3.28
0.05 3.29
0.10 3.31
0.15 3.29
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Table 12.3.10). Kinetic data for the second order rate
constants in the CAT oxidation of proline
oat different pH's and at 25 C;
[CAT] = 1.0xl0“4mol l"1.
pH k2
/I mol”1s”1
0.07 
0.13 
0.25 
0.30 
0.43
Table (2.3.11). The values of the equilibrium constants, K,
for the formation, and rate constants, kx , 
for decomposition of the intermediate, 
calculated from the reciprocal plots in the 
CAT oxidation of proline at different pH's 
and at 25*C; [CAT]=l.0xl0”4mol l”1.
pH kx K
/s”1 /I mol”1
3.5
4.2 
4.7
5.2 
5.9
6.4 
6.9
7.4
0.15
0.14
0.17
3
3
3
u
v
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Figure (2.3.11).
Plots for determination of second order rate constants
for the CAT oxidation of proline at different pH's
and 25 °C; [CAT] =1. Oxicf 4mol l”1.
X10'3
21_
"  22_ 
■ 20.
0 5 10 15 20 25 30 35 10 15 50 55 B0 65 70
X10“3
QprolineJ/mol 1 ^
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Table (2.3.12). Effect of addition of reaction product, RNH2
on the rate constant for the CAT oxidation of
o
proline at pH 6.4 and 25 C;
[CAT]=1.0xl0”4mol I”1; [proline]=0.04 mol 1”\
104 [RNH2] 102 kuv
/mol l”1 /s”1
1.73 
1.75
1.74 
1.73
0.10
0.50
1.2
Table (2.3.13). Effect of [Cl ] on the rate constant for the
o
CAT oxidation of proline at pH 6.4 and 25 C; 
[CAT]=1.0xl0-4mol I"1;
[proline]=0.03 mol I”1*
[Cl“] 
/mol l”1
0.05
0.10
0.15
102 kuv 
/s'1
1.44 
1.33
1.45 
1.37
Table (
-59-
2.3.14). Kinetic data for the second order rate
constants in the CAT oxidation of hydroxy-
«
proline at different pH's and at 25 C; 
[CAT]=1.0xl0“4mol l”1.
pH k2
/I mol“1s“1
3.8
4.4
4.7 
5.2
5.7 
6.6 
7.0
7.4
0.03 
0. 08 
0.11 
0.13 
0.17 
0.14 
0.16 
0.14
uv
-60-
Figure (2 . 3.12) .
Plots for determination of second order rate constants
for the CAT oxidation of hydroxyproline at different pH's
and 25 C; [CATj= 1.0x 10 ^mol 1
X10"3
w
pH =
[hydroxyproline] /mol I-1
uv
Figure (2.3.13).
Plots for determination of second order rate constants 
for the CAT oxidation of hydroxyproline at different pH's 
and 2 5 °C; [c a t] =1. Oxicf4mol l”1.
X10"3
pH = 5-7
w
1
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Table (2.3.15). Effect of addition of reaction product, RNH2
on the rate constant, for the CAT oxidation 
of hydroxyproline at pH 5.7 and 25°C; 
[CAT]=1.0xl0“4mol l”1;
[hydroxyproline]=0.04 mol l"1.
104 [RNH2]
/mol l”1
103 k.uv
/S-1
0.10
0.50
1.00
6.73
6.34
6.68
6.69
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Table (2.3.16). Effect of [Cl ] on the rate constant for the
. , oCAT oxidation of hydroxyprolme at 25 C, 
varying pH and concentration;
[CAT]=1.0xl0”4mol l"1;
[hydroxyproline]=0.03 mol 1-1
[hydroxyproline] pH [Cl”] 103 k
/mol l”1 /mol l-1 /s"1
uv
0.03 4.7 —  3.26
0.03 4.7 0.05 3.66
0.03 4.7 0.10 3.58
0.03 4.7 0.15 3.84
0.015 6.6 —  2.51
0.015 6.6 0.05 2.53
0.015 6.6 0.10 2.49
0.015 6.6 0.15 2.47
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Table (2.3.17a). The values of the equilibrium constants, K,
for formation, and the rate constants, kx , 
for decomposition of the intermediate, 
calculated from the reciprocal plots in the 
CAT oxidation of valine at different pH's 
and at 25*0. [CAT]=1.0xl0"4mol l”1.
pH 102 kx K
/s”1 /I mol”1
4.2 1.2 7
4.9 1.7 4
5.2 2.4 3
6.0 2.1 3
6.4 2.1 3
7.15 2.0 3
7.7 1.9 3
Table (2.3.17b). Kinetic data for the second order rate
constants in the CAT oxidation of valine
0
at different pH's and at 40 C.
pH Temp. 102 k.
o
/C /I mol“1s”1
4.3 40 11.9
6.4 40 18.3
u
v
—  U  j  —
Figure (2.3.14).
Reciprocal plot for the CAT oxidation of valine at pH 4.2
and 25 “c; [CATJ=1. OxlO_4mol l-1.
x  1 0 1
20.
15
x/[vQlIne] /l mof1
uv
Figure (2.3.15).
Reciprocal plot for the CAT oxidation of valine at pH 4.9 
and 2 5 "C; £cAT] = 1.0xl0_4mol 1 .
X101
50.
35.
O
1 /[[vol. ine 3  A  1
1/ 
k
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Figure (2.3.16).
Reciprocal plot for the CAT oxidation of valine at pH 5.2
and 25 C; [CAT-]=1. Oxlo“4mol l”1.
X101
to
>D
30.
1510
l j [ v a l  ine ]  j  mol1 I
CO 
•
uv
Figure (2.3.17).
Reciprocal plot for the CAT oxidation of valine at pH 6.0
and 25 C; [CAT] =1.0xl0_4mol l-1.
XI0
r-t
35.
15.
1 0 _
8 10 12 H  16 18 20 22 21 260 2 1
i/t va line  ]/ i  mol 1
u
v
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Figure (2.3.18) .
Reciprocal plot for the CAT oxidation of valine at pH 7.7
°  r l  - 4  - 1and 2 5 C; [CATJ =1.0x10 mol 1 .
X101
1/JvalineJ /I mol ^
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Table (2.3.18). Effect of addition of reaction product,RNH2
on the rate constant, for the CAT oxidation
o
of valine at pH 5.2 and 25 C;
[CAT]=1.0xl0“4mol l”1; [valine]=0.03 mol l”1*
104[RNH2] 103 kuv
/mol l"1 /s-1
0.5
1.0
1.2
1.87
1.88 
1.86 
1.89
Table (2.3.19). Effect of [Cl~] on the rate constant for the
©
CAT oxidation of valine at pH 6.4 and 25 C; 
[CAT]=1.0xl0“4mol l”1; [valine]=0.05 mol l"1,
103 kuv 
/s'1
[Cl-] 
/mol l”1
0.05
0.10
0.15
0.20
2.79
2.75 
2.72
2.75 
2.77
Table (2
-71-
.3.20). The values of the equilibrium constants, K, 
for the formation, and rate constants, kx , 
for the decomposition of the intermediate 
calulated from the reciprocal plots in the 
CAT oxidation of arginine at different pH's 
and at 25®C; [CAT]=1.0xl0”4mol l"1.
pH 102 kx K
/s“  ^ /I mol”-1-
5.2 2.4 8
6.1 2.7 6
6.6 3.5 6
7.2 4.7 3
8.1 4.0 4
9.1 2.7 5
u
v
-72-
Figure (2.3.19).
Reciprocal plot for the CAT oxidation of arginine at pH 6.1
and 25 C; (c a t]=1.OxlO_4mol l-1.
X101
1/ (arginine] /I mol 1
u
v
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Figure (2.3.20).
Reciprocal plot for the CAT oxidation of arginine at pH 5.2
and 25 °C; [cat] =1. OxlO_4mol l”1.
XI01
15
< 13.
rH
1 1 .
10 12 H  1G 18 208G2
1/jarginine"] /1 mol ^
u
v
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Figure (2.3.21).
Reciprocal plot for the CAT oxidation of arginine at pH 6.6
and 25 °C; [cat] =1. Oxicf 4mol l”1.
X101
w
\
4
1 / [arginine] /I mol”1
uv
-7b-
Figure (2.3.22).
Reciprocal plot for the CAT oxidation of arginine at pH 7.2
and 25 °C; [CAT] =1.0x10 mol l”1.
X10
10 . .
in
\rH
4 5 G 7 8 9 10 11 12o0
1/[arginine] /I mol -1
u
v
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Figure (2.3.23).
Reciprocal plot for the CAT oxidation of arginine at pH 8.1
and 25 °C; Jc a t J = 1.0x 10 ^mol 1
XI01
w
O
1 / {arginine] / 1 mol"1
uv
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Figure (2.3.24).
Reciprocal plot for the CAT oxidation of arginine at pH 9.1 
and 25 °C; [c at] =1. Oxicf 4mol l’1.
X101
_ 1
1/[arginine] /I mol
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Table (2
Table (2
.3.21). Effect of [Cl”] on the rate constant for the 
CAT oxidation of arginine at pH 9.1 and 
25*C; [CAT]=1.0x10”4mol l”1;
[arginine]=0.13 mol l”1.
[Cl"] 103 kuv
/mol l"1 /s"1
0.05
0.10
0.15
10.7
10.7
10.7
10.8
.3.22). Effect of addition of reaction product, RNH2 
on the rate constant, for the CAT oxidation 
of arginine at pH 5.2 and 25°C;
[arginine]=0.13mol
104 [RNH2] 
/mol l"1
0.10
0.50
1.20
l”1;[CAT]=1.0xl0”4mol I”1.
102 kuV
/S"1
1.20
1.08
0.95
0.91
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Figure (2.3.25).
A, Plots of log k2 or log kK against pH for the CAT oxidations 
of amino-acids; B, plot of log RNC1 against pH.
X10'1
-5.
X10
- 10.
-7.
- 8 .
-50.(N
-9.
-55.
- 10.
-60.
-70.
- 11.
-75..
-16
XI0"1
pH
(y) alanine, (&) glycine, (*»-) serine, (®) valine, (•) proline, 
(0) hydroxyproline* (X) arginine and (o) RNCl”.
tb) At high concentration of CAT (1.0-5.0x10— M) .
The reaction between CAT and amino-acid was followed at 
wavelength 273.3 nm, as shown in Figure (2.3.26). Consecutive 
first order reactions were observed. This indicates an 
initial fast reaction followed by a slow reaction (see for 
example Figure 2.3.27). Values of the rate constants for the 
first stage (kuvl) and the second stage (kUV2) are shown in 
Tables (2.3.23, 2.3.25, and 2.3.27).
The values of both rate constants were found to 
decrease with an increase in p-toluenesulphonamide 
concentration, whilst keeping the amino-acid and CAT 
concentrations constant (see Tables 2.3.24, 2.3.26, 2.3.28
and Figure 2.3.28).
Examination of kuvl and kuv2 reveals that the increase 
in the concentration of CAT causes an increase in the rate 
constants (see Table 2.3.29).
Experimental results for the rates of oxidation of 
amino-acid using iodometric titration method are shown in 
section (2.3.2).
- 81-
ABS
2 70
____
n»
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Figure (2.3.26).
UV absorption spectra of the reaction between CAT and
glycine at pH 3.2 and 25 C. (CAT Concn. =5.0x10 M, glycine=0.02 5M
Figure (2.3.27).
Plots of ln(A^tj- A a g a i n s t  time for the CAT oxidation
— 3 1
of amino-acids; [cat] =3.0x10 mol 1
X10"1 
5.
■P
< -5J
C•H
-10. 
-15- 
-20 
-25- 
-30_ 
-35. 
-40_
A+
V A
+
V A +
A +
V A +
A +
V A +
A . +
+
-f
+
+
+
+
+
A A p H =3*2  +  +
+ P
+
H = 2 8
£glycineJ = o*05M -f J ^ an,n^|-o*oiM
V Ivoline]=0.|M
p H = 3 *3
+
0 5 10 15 20 25 30 35 40 45 50
X102
re ac t Ton t  ime /s
-83-
Table (2.3.23). Kinetic data for the CAT oxidation of alanine
at 25 0 C and different concentrations of 
alanine; [CAT]=3.OxlO“3mol l”1; pH = 6.4. 
(Results at pH 2.0 and 2.84 are shown in 
Table 2 .3.32).
pH [alanine] 103 kuvi ^u v 2
/mol l”1 /s“3 /s"1
6.4 0.01 4.90 1.71
6.4 0.03 16.0 2.58
6.4 0.05 22.7 2.67
6.4 0.09 40.6 2.78
-84-
Table (2.3.24). Effect of addition of reaction product, RNH2
on the rate constant for the CAT oxidation of 
o
alanine at 30 C, varying pH and concentration 
[CAT]=3.0xl0“3mol l”1.
pH 103[RNH2] [alanine] 103kuvl 104kuv2
/mol l"1 /mol l"1 /s”1 /s*"1
2.0 —  0.03 2.03 4.09
2.0 1.5 0.03 1.77 3.87
2.0 2.0 0.03 1.58 3.60
2.8 —  0.05 3.0 6.40
2.8 1.0 0.05 2.5 5.10
2.8 1.5 0.05 2.25 4.40
2.8 2.0 0.05 2.08 4.20
-85-
Table (2 .3 ,2 5 ). Kinetic data for the CAT oxidation of
glycine at 30 °C, varying pH and
concentration; [CAT]=3.0xl0”3mol l”1 *
pH [glycine] 103 104 k ^
/mol l”1 /s"*1 /s”1
3.2 0.01 3.64 4.94
3.2 0.03 3.88 7.13
3.2 0.05 4.59 8.81
3.2 0.09 4.77 9.57
2.8 0.01 2.59 4.26
2.8 0.03 2.70 4.90
2.8 0.05 2.75 5.00
2.8 0.09 2.79 5.43
-86-
Table (2.3.26). Effect of addition of reaction product, RNH2
on the rate constant for the CAT oxidation of 
glycine at pH 3.2 and 3 0°C;
[CAT]=3.OxlO“3mol l”1; [glycine]=0.03 mol l"1.
103[RNH2] 103 104 kuv2
/mol l"1 /s” /s”1
3.88 .7.13
1.0 3.35 6.86
2.0 3.04 6.17
2.5 2.66 4.84
-87-
Table (2.3.27). Kinetic data for the CAT oxidation of valine
at 30 °C, varying pH and concentration;
[CAT]=3.0xl0”3mol l”1.
pH [valine] 103[RNH2] 103kuvl 104kuv2
/mol I"1 /mol l”1 /s’1 /s’1
2.8
2.8
2.8
2.8
2.8
2.8
2.8
0.01
0.03
0.05
0.10
0.01
0.07
0.10
1.0
1.0
1.0
4.09
4.63
4.92
5.15
3.79
4.13
4.47
6.68
7.40
8.04
10.4
4.84
6.84 
8.45
3.3
3.3
3.3
3.3
0.01
0.03
0.05
0.10
4.24
5.56
6.49
6.66
4.37
5.76
6.94
9.07
-88-
Table (2.3.28). Effect of addition of reaction product, RNH2
on the rate constant for the CAT oxidation of
o
valine at pH 2.8 and 3 0 C;
[CAT]=3.0xl0“3mol I”1; [valine]=0.05 mol l”1#
103[RNH2] 103*uvl lo4kuv2
/mol l”1 /s”1 /S_1
4.92 8.04
1.0 4.0 6.68
1.5 3.68 6.25
2.0 3.38 5.95
2.5 3.18 5.23
U
V
1
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Figure (2.3.28).
Plots showing the inhibitory eFFect oF 
p-toluenesulphonamide on the rate oF reaction
O
between CAT and ami no-acids at 30 C*
X10~l
CO
\
valine
6 8 10 12 H  IB 18 20 22 24 2G0 2 4
X 1 0 -4
IRNHtJ /mol I"*
Table (2.3.29) . Kinetic data for the CAT oxidation of amino* 
acids at different concentrations of CAT
and at 30°C.
pH [amino-acid] 103[CAT] 103kuvl 104kuv2
/mol I-3- /mol I-3, /s~3 /s-3"
r alaninel
2.0 0.03 2.0 1.8 3.87
2.0 0.03 3.0 2.03 4.10
2.8 0.09 1.0 1.26 2.64
2.8 0.09 3.0 2.97 6.61
rqlvcinel
2.8 0.05 1.0 0.80 2.51
2.8 0.05 3.0 2.75 5.00
fval
2.8 0.05
2.8 0.05
1.0
2.0
2.07
3.29
4.76
6.16
2.3,2. Experimental results for rates of oxidation of amino- 
acids bv CAT at different ranges of pH and 25°c using the 
iodometric titration method.
The kinetics of oxidation of glycine, alanine, and 
valine by CAT were investigated at several initial 
concentrations of reactants. The progress of the reaction was 
followed by iodometric estimation of active chlorine in 
aliquots of the reaction mixture at various time intervals. 
For example, plots of In (titre) against time are shown in 
Figures (2.3.29, 2.3.32), indicating that the oxidation of
amino-acids under these conditions follows consecutive first 
order. In Figures (2.3.29,2.3.32) the last stage was 
extrapolated and the previous stages (the first or the 
second) obtained by subtraction and taking logs (see Figures 
2.3.30-2.3.31 and 2.3.33).
The reaction was also studied in the presence of a fixed 
concentration of p-toluenesulphonamide. Plots of the 
reciprocals of titre against time give good straight lines if 
the first two or three points are excluded (see Figure 
2.3.34), but the result fitted consecutive first order better 
than second order (see Figures 2.3.29,2.3.32). An appreciable 
change in the rate constants occurred with an increasing 
concentration of amino-acids (see Figures 2.3.35-2.3.36). 
Tables (2.3.30-2.3.32) list the rate constants for the first 
stage (kj) , the second stage (kjj) , and the third stage 
( k m )  for the CAT oxidation of amino-acids.
Table (2.3.30). Kinetic data for the CAT oxidation of
©glycine at 25 and 30 C, varying pH,
concentration and addition of p- 
toluenesulphonamide using iodometric
titration method? [CAT]=5.0xl0”3mol l”1.
103
NJ1oH 105
pH Temp. [RNH2] [glycine] kI
HHA*
kIII
/°c /mol l-1 /s-1 • /s'1 /s"1
1.4 30 — 0.01 0.56 1.6 3.60
1.4 30 — 0.03 0.89 1.81 5.70
1.4 30 — 0.05 1.00 1.89 6.80
1.4 30 — 0.09 1.10 1.92 7.10
2.4 30 — 0.01 0.80 3 .00 5.40
2.4 30 — 0.02 1.20 3.90 8.60
2.4 30 — 0.03 1.40 4.70 12.0
2.4 30 — 0.05 1.70 6.20 14.0
2.4 30 — — 0.09 3.50 7.00 16.0
3.3 30 — 0. 01 0.95 0.42 —
3.3 30 — 0.03 1.62 0.45 —
3.3 30 — 0.05 1.74 0.53 —
3.3 30 — 0.09 1.90 1.13 ___
PH Temp. [RNH2] [glycine]
103
kI
104
kII
o
/c /mol I'1 /s”3- /s"1
3.7 25 0.01 0.01 0.59 0.38
3.7 25 0.01 0.012 0.79 0.78
3.7 25 0.01 0.05 1.59 1.54
3.7 25 0.01 0.098 1*S* 1.78
5.4 30 — 0.01 0.50 0.12
5.4 30 — 0.02 0.67 0.25
5.4 30 — 0.03 0.80 0.29
5.4 30 — 0.05 1.30 0.34
5.4 30 — 0.09 1.63 0.70
-yq-
Table (2.3.31). Kinetic data for the CAT oxidation of
o
alanine at 25 and 30 C, varying pH, 
concentration and addition of p- 
toluenesuphonamide using both techniques; 
[CAT]=3.OxlO”3mol l”1.
103 103 103 104 104 104
pH remp. [RNH2] [alanine] kI kuvl kII kuv2 kIII
o
/e /mol l”1 /s"1 /s-1 A T 1 /s"1 /s'1
2.0 30 0.01 1.69 1.86 3.61 3.70 0.77
2.0 30 — 0.03 1.72 2.03 4.20 4.10 0.88
2.0 30 — 0.05 1.80 2.08 4.4 0 4.40 0.98
2.0 30 — 0.09 1.92 2.15 5.10 4.63 1.20
2.84 30 — 0.01 2.60 2.60 6.80 6.28 0.96
2.84 30 — 0.03 2.70 2.86 6.82 6.32 1.19
2.84 30 — 0.05 — 3.00 — 6.41 —
2.84 30 — 0.09 2.73 2.97 7.00 6.60 1.25
2.84 30 5.0 0.03 1.57 — 4.00 — 1.15
3.2 25 6.5 0.007 1.19 — 2.85 — —
3.2 25 6.5 0.012 1.75 — 3.70 — —
3.2 25 6.5 0.027 3.21 — 4.26 — —
3.2 25 6.5 0.04 3.94 _ 5.52 _ __
PH Temp.
0
/ c
103
[RNH2 ] [alanine]
103
k I
\ in 
x 
h
 
1 
H 
o
H 
H 
^
--
--
--
--
--
(
/mol l”1 / ■ _1
00• 25 6.5 0.005 2.37 1.48
00• 25 6.5 0.007 3.35 3.09
4.8 25 6.5 0.012 4.91 4.25
00• 25 6.5 0.017 5.17 5.15
6.85 25 6.5 0.012 0.59 1.19
6.85 25 6.5 0.017 0.81 1.45
6.85 25 6.5 0.047 1.38 1.63
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Figure (2.3.29). Plot oP In (titre) against
time For the CAT oxidation oF alanine showing 
that the reaction Follows consecutive First 
order kinetics*
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Figure (2.3.30).
Plot of In [(titre)-e^J against time for the second stage of 
the reaction between CAT and alanine •
Qtitre)-e^ represents the extrapolated points of the curve 
in Figure (2.3.29).
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Figure (2.3.31).
Plot of In difference of the points of the first part of 
graph (2.3.30) against time.
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Figure (2.3.32).
Plot of In (titre) against time for the CAT oxidation of 
alanine showing that the reaction follows consecutive first 
order kinetics.
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Figure (2.3.33).
Plot of In jjtitre)-eyJ against time for the first stage of 
the reaction between CAT and alanine.
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Figure (2.3.34). Plot of 1/[titre] against time for the 
CAT oxidation of alanine in the presence of 
p-toluenesulphonamide , at 25 C*
X10"2
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Table (2.3.32). Kinetic data for the CAT oxidation of valine
at 25 and 30°C, varying pH, concentration and 
addition of p-toluenesulphonamide, using 
iodometric titration method.
103 103 103 104
PH Temp. [RNH2] [CAT] [valine] kI
HH*
/c /mol 1-1 /s'1 /S"1
2.5 25 5.0 3.0 0.01 1.17 1.19
2.5 25 5.0 3.0 0.03 1.30 1.37
2.5 25 5.0 3.0 0.05 1.35 1.49
2.5 25 5.0 3.0 0.10 1.49 1.67
2.7 25 6.5 3.0 0.007 1.09 1.21
2.7 25 6.5 3.0 0.012 1.29 1.64
2.7 25 6.5 3.0 0.027 1.47 1.86
2.7 25 6.5 3.0 0.087 1.59 2.09
to • 25 1.0 5.0 0.01 1.47 2. 03
to *0 25 1.0 5.0 0.03 1.93 2.18
2.7 25 1.0 5.0 0.05 2.46 2.83
2.7 25 1.0 5.0 0.10 2.70 5.70
to • 25 5.0 0.05 2.71 3.51
“103-
103 103 103 104
PH Temp. [RNH2] [CAT] [valine] kI kII
o
/c /mol l”1 /s”1 /s"1
2.7 30 — 3.0 0.05 3.03 4.02
3.2 25 6.5 3.0 0.007 1.58 2.21
3.2 25 6.5 3.0 0.012 2.42 2.74
3.2 25 6.5 3.0 0.027 2.81 3.77
3.2 25 6.5 3.0 0.047 4.13 4.36
4.55 25 6.5 3.0 0.005 2.52 3.68
4.55 25 6.5 3.0 0.007 3.86 5.16
4.55 25 6.5 3.0 0.012 5.14 7.10
4.55 25 6.5 3.0 0.017 6.08 9.58
6.4 25 6.5 3.0 0.007 1.56 1.87
6.4 25 6.5 3.0 0.012 1.93 3.08
6.4 25 6.5 3.0 0.027 2.57 3.14
6.4 25 6.5 3.0 0.047 2.69 3.24
Figure (2.3.35).
Plots of kj against |amino-acicf} for the CAT oxidation of 
(V) alanine, (A) glycine and (+) valine*
X10~4
valine
H
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pH = 3*2
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pH - 3*7
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Figure (2.3.36).
Plots of kjj against [amino-acid]for the CAT oxidation of 
(7 ) alanine, (A) glycine and (+) valine.
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2.3.3. Stoichiometry.
Reaction mixtures containing varying ratios of amino- 
acid to CAT were allowed to equilibrate at 25 *C for forty 
eight hours in the presence of 0.5 M sulphuric acid. 
Estimation of the unreacted CAT showed that one mole of 
amino-acid consumes two moles of CAT when CAT is in excess as 
shown in Table (2.3.33).
R-CH(+NH3)C00“+ 2CAT -----►R-CN +2RNH2+ C02 + 2C1”+ 2Na+
....... (40)
when the amino-acid is in excess, one mole of amino-acid 
consumes one mole of CAT:
RCH(+NH3)COO“+ CAT ---- ► RCHO +NH3+ C02+ RNH2 + Cl“+ Na+
-107-
Table (2.3.33). Experimental data for determination of the
stoichiometry of reaction between CAT and
o
amino-acid at different pH's and at 25 C? 
using iodometric titration method.
pH [CAT] 103[amino-acid] No. of mole of CAT
/mol I"1
No. of mole of amino-acid
1.7 0.005
[.qlycine]
1.0 2.05
1.7 0.007 1.0 2.10
1.7 0.010 1.0 1.95
1.6 0.004
ralanine! 
1.0 2.0
1.6 0.006 1.0 2.1
1.6 0.008 1.0 2.05
1.6 0.010 1.0 2.1
-108-
2.4. N.M.R Spectra of the final products of oxidation of 
alanine bv CAT.
N.M.R was used to identify the products of the reaction 
of chloramine-T with amino-acids. The final product expected 
is the aldehyde when amino-acid is in excess, and nitrile 
when chloramine-T is in excess.
Figures (2.3.37-2.3.38) show the N.M.R spectra of the 
reactants involved in the reaction in D20 ' anc* Figures 
(2.3.39-2.3.41) show the spectra of acetaldehyde, 
acetonitrile and p-toluenesulphonamide, which are the 
expected products. Spectra of the reaction between CAT and 
alanine in D20 when both CAT and alanine are in excess are 
shown in Figures (2.3.42-2.3.43)v . :
The last two spectra have been compared with those of 
acetonitrile, acetaldehyde and p-toluenesulphonamide. 
Acetaldehyde has been identified as the product whilst 
alanine is in excess, while excess of CAT resulted in 
acetonitrile (see Figures 2.3.42-2.3.43).
Figure (2.3.42) shows the absorption of the methyl group 
of the acetaldehyde as a doublet 1:1 (6=2.15), and the 
aldehydic proton split into a quartet 1:3:3:1 ( 6=9.6).
As further proof for the absence of acetonitrile as the 
product obtained when acetonitrile was added to the reaction 
mixture, which contained alanine in excess, a single peak 
clearly appeared at 6 2-0 (see Figure 2.3.44) which was
not seen before in Figure (2.3.42). Figure (2.3.42) shows the 
methyl group of alanine appears as a doublet 1:1 (6=1.3) and 
the CH proton is split into a quartet 1:3:3:1 (6=3.4), the CH
aromatic proton appeared as usual as doublets in 6 7.35 and 
7.7.
As mentioned above when CAT was in excess, acetonitrile 
was identified by the presence of a single peak at 6 2*0
Therefore, the N.M.R spectrum confirms the identity of the 
products.
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CHAPTER THREE 
Oxidation of amino-acids bv BAT
3.1. Introduction.
Recently, sodium N-bromo toluenesulphonamide (bromamine-T 
or BAT) was introduced as an analytical reagent for 
estimation of various reductants in aqueous media (93). 
Formation of free bromine in the presence of Br- ion is 
observed in some of its reactions (93). The existing 
literature on the kinetic oxidation of amino-acids by BAT has 
been reviewed in section (1.6.2).
Bromamine-T is analogous to CAT (12, 53) and bromamine-B 
(C6H5S02NBr.Na ) (1, 80) and behaves like a strong electrolyte
in aqueous solutions. The anion picks up a proton in acid 
solutions to give the free acid monobromamine-T, RNHBr.
RNBr + H+ ^  RNHBr  (42)
As with CAT, the free acid has not been isolated. BAT
undergoes disproportionation.
2RNHBr  ---- * RNH2 + RNBr2  (43)
The di-bromamine-T and the free acid hydrolyse to give
hypobromous acid (HOBr).
RNBr2 + H20 ^-- --■*» RNHBr + HOBr ....... (44)
RNHBr + H20 ^  ^  RNH2 + HOBr ....... (45)
Finally, HOBr ionises as,
HOBr H+ + OBr“  (46)
Ka = 2.OxlO-9 at 25°C.
The possible oxidising species in acidified BAT 
solutions are therefore RNHBr, RNBr2 and HOBr. If RNBr2 were 
to be the reactive species, a second order dependence of rate
on [BAT] is expected. However, if HOBr is primarily involved, 
a first order retardation of rate by added p- 
toluenesulphonamide is expected. Hardy and Johnston (80) made 
detailed calculations on the concentration dependence of 
Conjugated acid, HOBr and BrO~ on pH in aqueous bromamine-B, 
(BAB) ( 6 . 0 x 1 0 “ 3M) in the pH range 7-13. It was shown that 
[RNHBr] is high at pH 7 and is of the order of 4.1xlO~5M, 
while [HOBr] is = 6.0xl0”6M and [OBr“] is =, 10“7M.
Mahadevappa and his co-workers (53) have extrapolated the 
results of Hardy and Johnston (80), they found that [RNHBr] a 
3.0x10-4M at pH 6 and [HOBr] =, 3.0xl0“5M and [OBr”] n 10_8M, 
it is therefore quite likely that RNHBr is the oxidising 
species which reacts with the substrate.
Gowda and Rao (55) showed that, protonated amino-acids 
are resistant to the attack of the oxidant as is shown by the 
inverse dependence of rate on [H+].
Michaelis-Menten kinetics behaviour have been observed 
for the BAT oxidation of serine, threonine, glutamic acid and 
glutamine (55). Since, they show a definite intercept in the 
plot of 1/k against 1/ [amino-acid], it can be said that the 
decomposition of the complex formed from the substrate and 
the oxidant, is the rate determining step as shown in scheme 
(11).
K1
R-CH(+NH3)COOH   R-CH(+NH3)COO" + H+ ....... (16)
k2
R-CH(+NH3)COO“ + RNHBr ^ —  > [Complex]  (47)
KD
[Complex] — ^Products  (48)
(Scheme 11)
Zero order in [arginine] and [H+] can be explained by 
involving the hydrolysis of RNHBr, where the hydrolysis rate 
constant is much lower than the decomposition rate constant 
(55) .
RNHBr + H20 -------►RNH2 + HOBr Slow (45)
HOBr + S -- -^Products Fast (49)
The electrophilic attack of these species on the amino-
acid results in the formation of an N-bromo derivative (55)
which in turn undergoes decarboxylation and deamination
processes in fast steps to give the respective aldehydes and
ammonia as the final products.
The stoichiometry of the reaction has been determined
under first order conditions at different [H+ ]
(0.005-0.10 mol I”1) and [OH“] (0.01-0.10 mol l”1) by
o
equilibrating varying ratios of [BAT] to [ammo-acid] at 3 0 C 
for twenty four hours. The reaction products were identified 
as ammonia, carbon dioxide, p-toluenesulphonamide, (RNH2) and 
the respective aldehyde (54). The aldehyde formed in the 
reaction mixture was quantitatively estimated by converting 
it into its 2,4-dinitrophenylhydrazone derivative (54). The 
observed stoichiometry can be expressed by reaction 50.
R-CH(+NH3)C00” + BAT ---- ► RCHO + NH3 + C02 + RNH2 + Na+
+ Br”   (50)
3.2. Object of the present work.
There are very few reports on the oxidation of amino- 
acids by BAT in aqueous solution , and there is no report
concerning the stability of BAT. So, it was felt to be of 
interest to examine the parallel behaviour of this bromamine 
(BAT) to CAT by the mechanistic study of some of its 
oxidation reactions.
A check in the stability of BAT in aqueous solution was 
clearly relavent.
3.3. Results.
3.3.1. Stability.
The stability of BAT solutions was studied in the 
present work. Ultra-Violet spectrophotometry was used for 
this purpose. Solutions of BAT give a maximum at wavelength 
223 nm. A fresh solution (1.0xl0“4mol l"1) of BAT was 
prepared and its Ultra-Violet spectrum obtained immediately, 
as shown in Figure (3.3.1). The solution was kept in a 
volumetric flask coated with aluminum foil, and its spectrum 
was taken twelve hours later. No change was observed (see 
Figure 3.3.2). Therefore, it was concluded that the BAT 
solution was stable under these conditions for at least 
twelve hours.
3.3.2. Experimental results for rates of oxidation of amino- 
acids bv BAT at different ranges of pH and at 25 °c using 
Ultra-Violet spectrophotometry.
The kinetics of oxidation of glycine, alanine and valine 
by BAT were investigated in the pH range (1.4-8.0) at 25 ° C. 
When the amino-acid was in a large excess, plots of 
In (concentration) against time were found to be linear as 
shown in Figure (3.3.3) for glycine and Figure (3.3.4) for
-122-
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Figure (3.3.1). UV absorption spectrum of BAT in distilled
water. (Fresh solution, BAT Concn.=1.0X10~4M)
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3.3.2). UV absorption spectrum of preparation of BAT
-4.solution taken after 10 hrs. (BAT Concn.=1.0x10 M) •
alanine and valine. Tables (3.3.2), (3.3.6) and (3.3.10)
show the rate constants (kuV) ^or BAT oxidation of
glycine (pH 4.6-7), alanine (pH 3.25-8.0) and valine (pH 2.5- 
7.5) respectively. Linear reciprocal plots (l/kuv against 
1/[amino-acid]) obtained around pH (1.5-3.1) for glycine 
(Figures 3.3.5- 3.3.6, Table 3.3.1 and appendix VIII), pH 
(1.4-2.85) for alanine (Figures 3.3.8-3.3.9, Table 3.3.5 and 
appendix IX) and pH (1.7-2.2) for valine (Figure 3.3.11, 
Table 3.3.9 and appendix X).
At the range pH (4.0-8.0), the rate constant (kuv) 
showed first order dependence on [BAT], small dependence on 
[amino-acid] and was independent of the pH.
At pH 4 and below, the addition of p-toluenesulphonamide 
had no effect on the rate constant for the BAT oxidation of 
amino-acids. At pH's higher than 4, the first order rate 
constants were found to decrease with an increase in [RNH2] 
as shown in Figures (3.3.7), (3.3.10), (3.3.12) and Tables
(3.3.3), (3.3.7), (3.3.11) for glycine, alanine and valine
respectively.
The effects of bromide ion on the rate have been studied 
at different pH's. No effect was observed at pH 3.3 and 
higher, while an increase in the rate constant was noted with 
an increase in [Br“] below pH 3 as shown in Figure (3.3.13) 
and Tables (3.3.8) for alanine and (3.3.12) for valine. No 
effect of added Br” ion was observed with glycine at any pH 
(see Table 3.3.4).
In 
(A
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Figure (3.3.3). Plot for the determination of the first 
order rate constant for the BAT oxidation of glycine at 
pH 3.9 and 25 *C •
[g|ycine]= o.olM*
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Figure (3.3.4).
Plots for determination of first order rate constants for
o
the BAT oxidation of amino-acids at different pH's and 25 C •
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Table (3.3.1). The values of the equilibrium constants, K,
for the formation, and the rate constants, kx 
for the decomposition of the intermediate 
calculated from the reciprocal plots in the 
BAT oxidation of glycine at different pH's 
and at 25°C? [BAT]=1.OxlO“4mol l”1 .
pH 103 kx K
/s-1 /I mol"1
1.5 1.25 77
2.0 2.41 15
2.8 3.29 27
3.1 2.92 84
Table (3.3.2). Kinetic data for the BAT oxidation of glycine
at 25 °C, varying pH and concentration; 
[BAT]=1.0xl0”4mol I"1 *
PH [glycine] 103 k ^
/mol l”1 /s^1
4.6 0.01 2.30
4.6 0.03 2.62
4.6 0.05 2.77
4.6 0.07 2.12
4.6 0.09 1.89
pH [glycine] 103 kuv
/mol l”1 /s”1
5.4 0.01 2.73
5.4 0.03 2.51
5.4 0.05 2.69
5.4 0.09 1.85
6.1 0.01 2.10
6.1 0.03 2.25
6.1 0.07 2.82
6.1 0.09 2.84
7.0
7.0
7.0
0.01
0.05
0.09
1.43
0.57
0.77
Figure (3.3.5).
Reciprocal plots for the BAT oxidation of glycine at
different pH's and 25°C; [feATj =1.0xl0_4mol 1_1 .
10_
I/[glycine] /I mol-'
uv
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Figure (3.3.6).
Reciprocal plots for the BAT oxidation of glycine at 
different pH's and 25 C; CBATl=1.0xl0 ^mol 1
XI02
12_
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Table (3.3.3). Effect of addition of reaction product, RNH2 
on the rate constant for the BAT oxidation of 
glycine at 25°C? [BAT]=1.0xl0~4mol l"1 .
pH 103[RNH2] [glycine] 103 kuv
/mol l”1 /mol l”1 /s”1
3.1 —  0.07 2.45
3.1 0.1 0.07 2.43
3.1 0.5 0.07 2.49
3.1 1.2 0.07 2.48
5.4 —  0.01 2.73
5.4 0.1 0.01 2.50
5.4 0.5 0.01 2.37
5.4 1.0 0.01 2.23
5.4 3.0 0.01 1.82
5.4 5.0 0.01 1.48
uv
-132-
Figure (3.3.7).
Plot showing the inhibitory eFfect of addition 
of reaction product, RNH-i on the rate constant 
for the BAT oxidation of glycine at pH 5.4  and 
25 °C •
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Table (3.3.4). Effect of addition of NaBr on the rate
constant for the BAT oxidation of glycine at 
different pH's and at 25°C?
[BAT]=1.0xl0"4mol l"1?
[glycine]=0.01 mol 1~^.
PH [Br~] 103
/mol l"1 /s"1
3.5 —  2.32
3.5 0.01 2.50
3.5 0.02 2.62
3.5 0.05 2.51
3.5 0.10 2.15
7.0 —  1.43
7.0 0.02 1.55
7.0 0.05 1.43
7.0 0.10 1.42
-134-
Table (3.3.5). The values of the equilibrium constants, K,
for the formation, and the rate constants, 
kx , for the decomposition of the intermediate 
calculated from the reciprocal plots in the 
BAT oxidation of alanine at different pH's and 
at 25 °C; [BAT]=1.0xl0~4mol l”1.
pH kx K
/s"1 /I mol"1
1.4 0.01 4
1.7 0.03 5
2.2 0.07 61
2.85 0.07 66
Table (3.3.6) . Kinetic data for the BAT oxidation of
alanine at 25 °C, varying pH and
concentration; [BAT]=1.0xl0"4mol l”1 .
pH [alanine] 102 kuv
/mol l"1 /s”1
3.25 0.03 3.12
3.25 0.05 2.53
3.25 0.07 2.38
-135-
pH [alanine] 102 kuv
/mol l"1 /s”1
3.25 0.09 2.33
3.5 0.01 1.66
3.5 0.03 1.51
3.5 0.05 1.34
3.5 0.07 1.14
3.5 0.09 1.04
3.9 0.01 0.79
3.9 0.05 0.75
3.9 0.07 0.71
3.9 0.09 0.71
4.7 0.05 0.15
4.7 0.07 0.16
4.7 0.09 0.15
4.7 0.15 0.12
6.1 0.05 0.13
6.1 0.07 0.12
6.1 0.09 0.15
6.6 0.05 0.14
-136-
pH [alanine] 102 kuv
/mol l"1 /s"1
6.6 0.07 0.14
6.6 0.09 0.15
6.6 0.12 0.15
7.2 0.01 0.15
7.2 0.05 0.09
7.2 0.09 0.10
8.0 0.01 0.22
8.0 0.05 0.21
8.0 0.09 0.21
u
v
Figure (3.3.8).
Reciprocal plots for the BAT oxidation of alanine at
different pH's and 25 °C; CBAT)=1.0xl0 ^mol 1  ^ •
X10
50.
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l/[alanine] /I mol-1
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Figure (3.3.9).
Reciprocal plot For the BAT oxidation oF 
alanine at pH 2.2 and 25°C; IBAT] = 1.0x10 4 mol I 1-
O)
\
10
l/[alanine] /I mol-'
Table (3.3.7) . Effect of addition of reaction product, RNH2 
on the rate constant for the BAT oxidation of 
alanine at 25°C; [BAT]=1.0X10~4mol l-1*
PH
3.5
3.5
3.5
3.5
6.6 
6.6 
6.6 
6.6 
6.6
104 [RNH2] 
/mol l”1
0.10
0.50
1.20
0.10
0.50
1.00
3.00
[alanine] 
/mol l"1
0.07
0.07
0.07
0.07
0.05
0.05
0.05
0.05
0.05
103
/s'1
11.4
11.9 
12.6
11.9
0.14
1.30
1.22
1.16
0.80
uv
Figure (3.3.10).
Plot showing the inhibitory ePFect oF addition 
oF reaction product, RNHi on the rate constant 
For the BAT oxidation oF alanine at pH G.6 and 
25 °C •
X10"5
135_
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Table (3.3.8). Effect of addition of NaBr on the rate
constant for the BAT oxidation of alanine at 
25°C? [BAT]=1.0xl0“4mol l"1 ?
PH [Br~] [alanine] 102 JSjv
/s"1/mol l”1
2.85 0.03 3.96
2.85 0.02 0.03 5.43
2.85 0.03 0.03 6.14
2.85 0.05 0.03 6.79
2.85 0.10 0.03 8.12
6.6 — 0.05 0.14
6.6 0.02 0.05 0.18
6.6 0.05 0.05 0.14
6.6 0.10 0.05 0.14
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Table (3.3.9). The values of the equilibrium constants, K,
for the formation, and the rate constants, kx , 
for the decomposition of the intermediate 
calculated from the reciprocal plots in the 
BAT oxidation of valine at different pH's and 
at 25 °C; [BAT]=1.0xl0”4mol I-1.
pH kx K
/s”1 /I mol”1
1.7 0.036 28
2.2 0.039 26
Table (3.3.10). Kinetic data for the BAT oxidation of valine
at 25 °C, varying pH and concentration; 
[BAT]=1.0xl0”4mol l”1 .
pH [valine] 102 kuv
/mol l”1 /s”1
2.5 0.02 2.10
2.5 0.03 2.61
2.5 0.07 2.52
2.5 0.10 1.96
pH [valine] 102 kuv
/mol l”1 /s_1
2.7 0
2.7 0
2.7 0
2.7 0
2.7 0
3.0 0
3.0 0
3.0 0
3.0 0
3.0 0
4.0 0
4.0 0
4.0 0
02 1.65
03 1.88
05 1.84
07 1.54
10 1.51
02 1.26
03 1.11
05 0.91
07 0.89
10 0.84
02 0.16
05 0.11
10 0.09
4.5 0.01 0.08
4.5 0.05 0.07
4.5 0.10 0.06
6.2
6.2
6.2
0.02
0.03
0.07
0.08
0.11
0.08
-144-
pH [valine] 102 kuv
/mol l”1 /s”1
6.2 0.10 0.09
7.5 0.02 0.07
7.5 0.05 0.11
7.5 0.10 0.08
Table (3.3.11). Effect of addition of reaction product, RNH2
on the rate constant for the BAT oxidation of 
valine at 2 5 °C; [BAT]=1.0xl0~4mol l”1 .
PH 104 [RNH2] [valine] 103 kuv
/s"1/mol l”1
4.0 0.02 1.60
4.0. 0.5 0.02 1.42
4.0 1.0 0.02 1.50
4.0 1.2 0.02 1.60
7.5 — 0.05 1.06
7.5 0.1 0.05 0.65
7.5 0.5 0.05 0.62
fPH 104 [RNH2] [valine] 103 kuV
/mol l"1 /s"1
7.5 1.0 0.05 0.59
7.5 3.0 0.05 0.48
Tabled.3.12). Effect of addition of NaBr on the rate
constant for the BAT oxidation of valine at 
25 *C; [BAT]=1.0xl0”4mol l”1.
[valive]=0.05 mol l”1.
[pH [Br~] 103
/mol l”1 /s"”1
2.9 —  9.12
2.9 0.02 22.7
2.9 0.03 33.1
2.9 0.05 47.8
2.9 0.10 71.4
7.5 —  1.06
7.5 0.02 1.07
7.5 0.05 1.02
7.5 0.10 1.04
uv
-146-
Figure (3.3.11).
Reciprocal plots for the BAT oxidation of valine at different pH's 
and 25 °C; (BAT) =1.0x10 mol 1 .
XI0
pH- 1 *7
----- 1------ 1------ 1------ i------ 1--- 1------ 1------ 1------ 1------ 1
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I/[valine] /I mol-1
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Figure (3.3.12) .
Plot showing the ihibitory efPect of addition 
of reaction product, RNHz on the rate constant 
for the BAT oxidation of valine at pH 7.5 and 
25 °C-
H XI0"5
“ 86
50_
0 2 4 8 8 10 12 M  16 18 20 22 24 26 28 30
X 10-5
[RNHs] /mot I-1
uv
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Figure (3.3.13).
Plots of 1/k against 1/ [Br] showing the effect of addition
of bromide ion on the rate constant for the BAT oxidation of
o
amino-acid at 25 C.
ala ni ne
val ine
25 30 35 10 15 5015
l /IBr] / {  mol .1
CHAPTER FOUR 
OxidatjQn of amjno-acids bv DCT
4.1. Introduction.
Di-chloramine-T is one of the reactive species available 
in CAT solution (see Section 1.4). In aqueous solution CAT 
undergoes some disproportionation to the free sulphonamide 
and DCT as follows:
SOoNHCr
(CAT) (DCT) (RNH2)
....... (3)
The kinetic study of the reaction between DCT and p-cresol 
carried out by Higuchi and Hussain (56) has already been 
mentioned. This is related to earlier work by Pryde and 
Soper (27) concerning the oxidation of p-cresol by CAT.These
workers proposed that H0C1 is the reactive species. However,
Higuchi and Hussain showed that DCT is the reactive species.
Their evidence points to the disproportionation reaction as 
being the rate-determining step, thus accounting for the 
observed zero-order dependence of the overall reaction of the 
phenol.
Higuchi and Hussain found that the reaction between 
DCT and p-cresol was too fast to be followed by iodometry, 
but could be followed spectrophotometrically. When iodometry 
was used half the active chlorine was lost by the time the 
first sample was taken. Higuchi and Hussain state that ” At 
this stage, it is presumed that all the DCT had been 
converted into CAT”. However, it is clear that the direct 
conversion of DCT to CAT requires the presence of
p-toluenesulphonamide (reaction 3), and it is more likely 
that the initial formation of CAT is accounted for by the 
reaction of DCT with p-cresol:-
di-chloramine-T + p-cresol  ----- ** chlorocresol
+ chloramine-T...(51)
4.2. Aims of the present work.
The kinetics of the oxidation of amino-acids by DCT were 
studied over a wide range of pH values in order to obtain 
rate constants in an aqueous medium using ultra-violet 
spectrophotometry and iodometric methods. There are no 
previous reports concerning the oxidation of amino-acids by 
DCT. It was necessary to study the oxidation of amino-acids 
by DCT, because this oxidising agent is one of the most 
reactive species in the CAT system. It is also important to 
compare the values of rate constants of the oxidations by DCT 
with that of CAT by both techniques. The reaction between p- 
toluenesulphonamide and DCT at different pH's was studied in 
order to find out the values of the rate constants for the 
reaction and compare them with those obtained by other 
workers.
4.3. Results.
4.3.1. Stability.
No report about the stability of DCT in aqueous solution
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could be found in the literature, so its stability was 
investigated. Solutions of DCT were prepared from a saturated 
stock solution. Ultra-Violet spectra of the solutions were 
obtained immediately as shown, for example, in Figure 
(4.3.1). The solutions were kept in a volumetric flask coated 
with aluminum foil, and their spectra taken after 4 hours, 8 
hours, 24 hours and 32 hours. No change was noted as shown, 
for example, in Figure (4.3.1). Therefore, it was concluded 
that the DCT solution was stable for at least 32 hours under 
these conditions.
4.3.2. Experimental results for the rates of oxidation of 
amino-acids bv DCT at different ranges of pH using Ultra- 
Violet spectrophotometry.
Consecutive first order reactions were observed for the 
oxidation of amino-acids by DCT, as shown in Figures (4.3.2) 
for valine and alanine, (4.3.3) for glycine and proline,
(4.3.4) for serine, and (4.3.5) for hydroxyproline. However, 
the reaction showed only one stage in the case of arginine as 
shown in Figure (4.3.6). Values of the rate constants for the 
first stage (kuVi), and the second stage (kUV2)/ are given 
in Tables (4.3.1-4.3.7). These Tables also compare the second 
stage rate constant (ku^) values at different pH's, with the 
values of rate constants for the oxidation of amino-acids by 
CAT. A good agreement between the two values is noted. Plots 
of both rate constants (kuvl and kuv2) against concentration 
of amino-acid give straight lines passing through the origin 
as shown in Figures (4.3.7-4.3.8) for alanine, (4.3.9-4.3.10)
1111
220
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280-
300
320-
340
350
ABS
Figure (4.3.1). UV absorption spectra of DCT in distilled
water taken immediately after preparation
of DCT solution then after 4, 8, 24, 32 hrs.
-4(DCT Concn.=1.0x10 M)•
Figure (4.3.2).
Plots of ln(A^j- A (oo)^ against time for the DCT 
oxidation of amino-acids; CDCT)=1.Oxlo”4mol l”1.
X10"1
- 1 0
-i2iv 
-MJ
A V
-1GJ vu “l A V
-18_ a V y
20.
-24.
-30.
-32.
-36.
•42.
A V v
a v v
-22J 6 v y
A %
A y-26 J a
a  v n
-28J
A [valine] = 0 * 0 9 M
A pH® 2*3
A
A
-34J A
A
A A
3 8 -  [alanin^ =O403M
-40j
A
---- !------- 1------- 1------- j------- 1------- 1----------------i
0 5 10 15 20 25 30 35 4
X102
reaction time /s
l
n
(
h
-154-
Figure (4.3.3) .
Plots of lnfA,^*- A , against time for the DCT oxidation (t) (oo)
-4 -1of amino-acids; lDCTI=1.0xl0 mol 1 •
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Figure (4.3.4).
Plot of ln(A, - A. against time for the DCT oxidation of (t) (oo)
o —4 —1serine at pH 6.55 and 25 C; CDCTJ=1.0x10 mol 1
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Figure (4.3.5).
Plot of ln(A(t)- A p against time for the DCT oxidation of 
hydroxyproline at pH 3.3 and 25 °C; IDCT) = 1.OxlO~4mol l"1.
XI 0_1
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[hydroyproline] = 0.03M
10 20
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reaction time xs
Figure (4.3.6).
Plot of ln(A(t)- A ^  against time for the DCT oxidation of 
arginine at pH 4.3 and 25 °C; CDCTJ=1.Oxlcf 4mol l-1.
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for glycine, (4.3.11-4.3.12) for serine, (4.3.13-4.3.14) for 
proline and (4.3.15-4.3.16) for hydroxyproline and (4.3.17) 
for valine. However, linear reciprocal plots of 3cuv2 against 
[amino-acids] were observed in the cases of valine, and
arginine and proline at high pH (see Figures 4.3.18, 4.3.19,
4.3.20 for valine, arginine and proline respectively). The
second order rate constants (k2) were obtained from the
slopes of rate constants (3cuvl) against concentration plots 
(see Table 4.3.8), and log k2 for the first stage was plotted 
against pH (see Figure 4.3.21).
The reaction of p-toluenesulphonamide with di- 
chloramine-T was followed spectrophotometrically. In the 
presence of a large excess of RNH2, DCT reacts in a first 
order fashion in forming CAT as shown in Figure (4.3.22). The 
second order rate constant was calculated from:
k2 = kuv /[RNH2] ...(4.3.1)
The second order rate constants are shown in Table (4.3.9). 
Fair agreement with the literature values (14) is apparent.
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Table (4.3.1). Kinetic data for the oxidation of alanine
DCT and CAT at 25 °C, varying pH
concentration? [DCT] = [CAT]=1.0xl0~4mol
PH [alanine] 103 *UV1 103 kuv2 103
(DCT) (DCT) (CAT
/mol l”1 /s’1 /s"1 /s'1
2.7 0.03 1.62 0.34 0.40
2.7 0.05 2.78 0.71 0.77
2.7 0.07 3.57 1.24 1.23
2.7 0.10 4.81 2.18 2.19
3.3 0.01 1.44 0.56 0.61
3.3 0.03 3.17 0.79 0.79
3.3 0.05 — — 1.39
3.3 0.07 7.30 3.15 3.22
3.3 0.09 10.6 4.00 4.77
4.55 0.01 2.35 0.92 —
4.55 0.03 6.77 2.48 2.47
4.55 0.05 11.1 3.29 3.26
4.55 0.07 16.1 5.32 5.29
4.55 0.10 24.3 8.29 8.36
6.5 0.03 — 5.90 6.40
6.5 0.05 — 10.2 10.6
6.5 0.07 — 13.5 14.2
6.5 0.10 — 19.3 19.0
by
and
-1#
u
v
l
" A.\J
Figure (4.3.7).
Plots of kuvl against falaninej for the DCT oxidation of 
alanine at different pH's and 25°C.
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XI 0 ~ 2
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Figure (4.3.8).
Plots of kuv2 against CalanineJ of the reaction between DCT 
and alanine at different pH's and 25#C.
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pH=2-7
0 1  2 3 4 5 6 7 8 9  10
X10"2
C a l a n i n e ]  /mol I -1
Table
- 1 D Z -
(4.3.2). Kinetic data for the oxidation of glycine by
DCT and CAT at 25 °C, varying pH and
concentration. [DCT] = [CAT]=1.0xl0“4mol l"1 .
PH [glycine] 103 kuVl 1q3 ^UV2 103 k
(DCT) (DCT) (CAT)
/mol l"1 /s'"1 /S"1 /s'1
2.7 0.03 1.10 0.29 0.34
2.7 0.05 2.50 0.70 0.71
2.7 0.07 3.97 1.27 1.20
2.7 0.10 5.20 1.67 1.79
3.6 0.03 4.07 1.32 1.39
3.6 0.05 6.70 1.94 1.99
3.6 0.07 9.11 2.55 2.54
3 . 6 0.09 12.2 4.44 4.13
5.2 0.03 7.23 3.82 3.87
5.2 0.05 11.7 6.17 6.23
5.2 0.07 ' — 7.64 7.67
5.2 0.09 — 10.3 10.3
7.0
7.0
7.0
7.0
7.0
0.03
0.05
0.07
0.09
0.12
3.78
6.00
8.69
10.40
12.97
3.66
6.00
8.27
10.06
12.52
- ±0 J-
Figure (4.3.9).
Plots of kuvl against eglycinejfor the DCT oxidation of 
glycine at different pH’s and 25°C.
X10~3
12.
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L~l CIne]/fnol I - 1
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Figure (4.3.10).
^uv2 a9ainst Cglycinejof reactions between DCT and 
glycine at different pH's and 25 C.
X10
97
XI 0 ~ 2
[glycine] /mol I-1
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Table (4.3.3). Kinetic data for the oxidation of serine by
DCT and CAT at 25 °C, varying pH and
conentration; [DCT] = [CAT]=1.0xl0”4mol l”1.
pH [serine] 103 kuvl 103 103 kuv
/mol I”1
(DCT)
/s'1
(DCT)
/s'1
(CAT)
/s”1
2.47 0.03 1.94 0.27 0.27
2.47 0.05 2.70 0.41 0.41
2.47 0.07 3.93 0.59 0.59
2.47 0.09 4.12 0.74 0.77
3.3 0.03 2.09 0.67 0.67
3.3 0.05 3.43 1.14 1.14
3.3 0.07 4.58 1.71 1.72
3.3 0.09 5.94 2.31 2.35
4.0 0.05 5.41 1.57 1.53
4.0 0.07 7.91 2.52 2.51
4.0 0.09 10.4 3.24 3.21
4.0 0.126 15.1 4.40 4.35
6.55 0.02 4.58 2.07 2.06
6.55 0.03 6.67 3.28 3.28
6.55 0.05 11.1 5.92 5.99
-Ibb-
pH [serine] 103 103 ^ 3  103
(DCT) (DCT) (c a t ;
/mol l”1 /s’1 /s’1 /s’1
6.55 0.065 14.6 7.58 7.70
7.5 0.02 4.26 2.03 2.02
7.5 0.03 6.12 3.07 3.03
7.5 0.05 11.1 5.35 5.31
7.5 0.07 13.4 7.06 7.00
Figure (4.3.11).
Plots of kuvl against CserineJ for the DCT oxidation of
serine at different pH's and 25°C •
XI 0~3
pH
pri
LserIneJ/mol i *1
uv
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S
Figure (4.3.12).
Plots °f kuv2 a9^inst CserineJof reactions between DCT and
serine at different pH's and 25 °C.
X10 pH- 6-55
=33
Lserine] /mol
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Table (4.3.4). Kinetic data for the oxidation of proline by
DCT and CAT at 25 °C, varying pH and
concentration? [DCT] = [CAT]=1.0xl0”4mol l”1.
pH [proline] 103 103 kuv2 103 kuv
/mol l”1
(DCT)
/s"1
(DCT)
/s-1
(CAT)
/s"1
2.55 0.03 0.96 0.34 0.34
2.55 0.07 1.44 0.78 0.81
2.55 0.09 1.74 1.16 1.26
2.55 0.11 2.75 1.42 1.41
3.55 0.04 7.12 2.68 2.65
3.55 0.05 8.34 3.55 3.56
3.55 0.06 10.3 4.53 4.57
3.55 0.07 12.3 5.46 5.50
4.7 0.02 9.08 5.09 5.02
4.7 0.03 13.4 7.70 7.79
4.7 0.04 19.2 10.2 10.1
4.7 0.05 24.2 12.4 12.4
5.9 0.01 —— 3.82 3.78
5.9 0.02 — 8.99 8.92
-j- /u-
pH [proline] 10 ^uvl ^uv2 ^uv
(DCT) (DCT) (CAT)
/mol l”1 /s-1 /s”1 /s"1
5.9 0.03 —  12.8 12.4
5.9 0.04 —  16.9 16.5
6.9 0.01 3.82 4.30 4.30
6.9 0.02 14.0 7.82 7.84
6.9 0.03 19.2 11.0 11.0
6.9 0.04 29.9 15.0 15.0
-5/ 
ia
- 1 71-
Figure (4.3.13).
Plots of k -v  ^against tprolinej for the DCT oxidation of prolin 
at different pH's and 25°C.
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Figure (4.3.14).
Plots of kuv2 against cprolinej of reactions between DCT and
o
proline at different pH's and 25 C.
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Table (4.3.5). Kinetic data for the oxidation of
hydroxyproline by DCT and CAT at 25°C, varying 
pH and concentration;
[DCT] = [CAT]=1.0xl0-4mol I-1.
pH [hydroxy- 103 k , ^  lo3 k ^ j  103 kuv
proline]
(DCT) (DCT) (CAT)
/mol l”1 /s-1 /s”1 /s”1
2.63 0.03 0.50 0.21 0.20
2.63 0.05 0.77 0.33 0.35
2.63 0.07 0.87 0.52 0.51
2. 63 0.09 1.26 0.76 0.76
3.3 0.03 2.25 0.73 0.72
3.3 0.05 2.69 1.19 1.19
3.3 0.07 4.22 1.89 1.81
3.3 0.09 5.71 2.52 2.46
3.8 0.03 2.78 0.92 0.91
3.8 0.04 3.36 1.20 1.18
3.8 0.05 4.28 1.44 1.44
3.8 0.07 5.58 1.99 1.96
3.8 0.09 8.06 2.50 —
4.7 0.02 2.65 2.00 1.97
- x  / H -
pH [hydroxy- 10 ^uvl ^uv2 ^uv
proline]
(DCT) (DCT) (CAT)
/mol 1-1 /s"1 /s-1 /s”1
4.7 0.03 4.05 3.28 3.26
4.7 0.04 4.94 4.40 4.32
4.7 0.05 6.85 5.40 5.47
5.7 0.01 —  1.71 1.71
5.7 0.02 —  3.37 3.38
5.7 0.03 —  5.21 5.30
5.7 0.04 —  6.62 6.73
5.7 0.05 —  8.61 8.66
7.0 0.01 —  1.63 1.69
7.0 0.02 —  3.09 3.01
7.0 0.03 —  4.77 4.80
7.0 0.05 —  8.10 8.26
U
V
1
Figure (4.3.15).
Plots of kuv-L against ChydroxyprolineJ for the DCT oxidation
o
of hydroxyproline at different pH's and 25 C.
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Figure (4.3.16).
Plots of kuv2 against ChydroxyprolineJ of reactions between 
DCT and hydroxyproline at different pH's and 25°C •
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Table (4.3.6). Kinetic data for the oxidation of valine by
o
DCT and CAT at 25 C, varying pH 
and concentration;
[DCT] = [CAT]=1.0xl0”4mol l”1.
PH [valine] 103 103 kuV2 103 kuV
(DCT) (DCT) (CAT)
/mol l”1 /s"1 /s-1 V s "1
2.3 0.025 0.97 0.15 0.15
2.3 0.05 1.85 0.29 0.29
2.3 0.07 1.99 0.41 0.42
2.3 0.09 2.33 0.55 0.55
2.95 0.03 1.82 0.59 0.59
2.95 0.05 2.84 0.86 0.86
2.95 0.07 3.70 1.22 1.26
2.95 0.09 4.77 1.59 1.60
3.45 0.03 3.60 1.19 1.20
3.45 0.05 5.27 2.01 2.06
3.45 0.07 7.35 2.22 2.39
3.45 0.09 9.30 3.05 3.06
4.2 0.03 4.29 2.06 2.07
4.2 0.05 7.13 2.94 2.96
4.2 0.07 9.60 3.76 3.74
pH [valine] 103 1 ^ ^  103 k ^  103 kuv
(DCT) (DCT) (CAT)
/mol l"1 /s”1 /s’”1 /s”1
4.2 0.09 11.6 4.52 4.51
7.15 0.03 4.65 1.63 1.63
7.15 0.05 6.67 2.66 2.66
7.15 0.07 8.28 3.47 3.45
7.15 0.09 10.5 4.62 4.63
uv
l
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Figure (4.3.17).
Plots of against Cvalinejfor the DCT oxidation of valine
at different pH's and 25°C.
X10"3
4
-i X I 0 " 2
{valine 1/mol I
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Figure (4.3.18) .
Reciprocal plots of kuv2 against Ivaline) at different pH's 
and 25°C.
X102
in
CNI
>D
\
B5_
pH = 2-3
50.
25.
20.
1 / [val ine]  / t  mol - 1
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Table (4.3.7). Kinetic data for the oxidation of arginine by
DCT and CAT at 25°C, varying pH and
concentration? [DCT] = [CAT]=1.OxlO"’^ mol l”1.
pH [arginine] 103 kuV2 1q3 ^uv
(DCT) (CAT)
/mol I”1 /s-1 /s~1
3.77 0.02 1.86 1.86
3.77 0.03 2.46 2.54
3.77 0.05 3.63 3.76
3.77 0.07 4.41 4.48
4.3 0.05 5.13 5.11
4.3 0.07 6.71 6.66
4.3 0.09 8.28 8.23
4.3 0.13 9.74 9.72
4.8 0.02 3.03 3.00
4.8 0.03 3.98 3.99
4.8 0.05 6.29 6.30
4.8 0.07 9.59 9.59
7.5 0.02
7.5 0.03
7.5 0.05
7.5 0.07
5.55 5.64
7.80 7.75
11.3 11.3
12.5 12.8
uv
2
Figure (4.3.19).
Reciprocal plots of kUV2 against JarginineJ of reactions
o
between DCT and arginine at different pH's and 25 C*
X101
25_
0 5 10 15 20 25 30 35 40 45 50
1/ [a rg in in e ]  / I  mol-1
Figure ( 4.3.20).
Reciprocal plot oF kuv2 against [proline] 
oF reaction between DCT and proline at pH G.9 
and 25 C •
m
X101
20.
5 93 60
Wprollne] /I mol-'
Table (4.3.8). Kinetic data for the second order rate 
constants of the first stage in the DCT 
oxidation of the amino-acids at different 
pH's and at 25°C. [DCT]=1.0xl0"4mol l-1.
pH
/I molds’"1
glycine 2.70
3.60
0.06
0.13
alanine 2.70
3.30
4.55
0.05
0.11
0.24
valine 2.30 0.02
2.95 0.04
3.45 0.10
4.20 0.12
7.15 0.10
serine 2.47 0.04
3.30 0.06
4.00 0.13
6.55 0.22
7.5 0.19
proline 2.55
3.55
0.02
0.18
_ XOJ“
Table
pH k2
/I mol“1s“1
proline 4.70 0.51
6.90 0.83
hydroxyproline 2.63 0.01
3.30 0.06
3.80 0.09
4.70 0.14
(4.3.9). Kinetic data for the reaction between DCT and 
RNH2 at different pH's and at 25°C? 
[DCT]=1.0xl0“4mol I*”1? [RNH2 ]=2 . 0xl0”3mol l"1,
pH k2 k2 (literature)
/I mol”1s‘“1 /I mol”1s”1
2.9 29.4 24
3.4 124.5 125
3.7 204.9 215
4.2 448.5 450
log
 
k
- X O D -
Figure (4.3.21).
Plots of log k2 against pH for the DCT oxidation of amino-acids. 
(X) serine, (□) proline, ($) hydroxyproline, (-H valine,
(A) glycine and (V) alanine.
X10H
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Figure (4.3.22) .
Plot of against time of reaction between DCT
and RNH2 at pH 3.4 and 25°C; DCT =1.OxlO_4mol l"1.
XI 0_1
-28.
-30..
8
-32.
4J
-36.
-38.
-40.
5 10 15 20 25 30 35 40 45 55 60 6
X 1 0 " 1
reaction time /s
4.3.3. Experimental results for the rates of oxidation of
alanine bv DCT at different ranges of pH using an________
iodometric titration method.
The oxidation of alanine by DCT at different ranges of 
pH's was followed iodometrically. Consecutive first order 
with two stages reaction (kj and kjj) was observed (see 
Figures 4.3.23-4.3.24). The second stage rate constants (kjj) 
for the oxidation of alanine by DCT were in agreement with 
the rate constants, kj (Figure 4.3.25) obtained by CAT (see 
Table 4.3.10).
Table (4.3.10). Kinetic data for the oxidation of alanine by
DCT and CAT at different pH's and at
o . . .25 C using iodometric titration method;
[alanine]=0.05 mol l”1?
[CAT]=2.715xl0”4mol l”1.
pH 103kj lo4)cIl 104kj
(DCT) (DCT) (CAT)
/s”1 /s”1 /s”1
2.69
3.66
5.10
0.72
1.19
1.89
1.26
1.95
2.66
1.42
2.07
2.65
Figure (4.3.23).
Plot of In (titre) against time for the DCT oxidation of alanine
at pH 2.69 and 25°C •
X10'
15.
TT
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X101
time/mi n
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C(
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Figure (4.3.24).
Plot of In ((t i tre) ~e"^  3 against time of the first stage of 
the reaction shown in graph (4.3.23).
£(titre)-e^ Jrepresents the extrapolated points of the curve 
in Figure (4.3.23).
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Figure (4.3.25)•
Plot of In (titro) aya inst time for the CAT oxidation of 
alanine at pH 2.68 and 25*C.
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CHAPTER FIVE
Oxidation of amino-acids bv NC1S and NBrS.
5.1. Introduction.
The kinetics of oxidation of amino-acids by NC1S and
9
NBrS have been studied at 25 and 30 C (see Section 1.6.4). 
However, no detailed kinetic studies of oxidations by NBrS
over a range of pH have been reported.
It has been emphasised (94) that most of the oxidative 
studies have been made in presence of mercuric acetate, which 
simply means that oxidation by molecular bromine has been 
completely suppressed. The latter species is formed by the 
interaction of HBr and NBrS :
NBrS + HBr ------ ^Br2 + NSH  (52)
Mercuric acetate acts as scavenger (95-96) for any Br” ions
formed in the reaction, thus ensuring that oxidation takes 
place purely through NBrS.
Preliminary studies by Ramachandran et al (67) showed 
that addition of chloride ion has no effect on the rates of 
oxidations of amino-acids by NC1S.
NBrS is known to exist in acidic media in the following 
equilibria:
c h2-co
NNBr + H+ I
ch2-con
-rn/c h2-co c h2-co /
NH + Br+ (53)
c h 2-co c h2-co v
I NBr + H+  k | NHBr  (54)
c h 2-co c h2-co '
(NBrS) (NBrSH)
Thus NBrS itself, Br+ or protonated NBrS are the possible
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oxidising species.
The facile oxidative degradation of &-amino-acids to 
aldehydes by NBrS in aqueous solution involves both carbon- 
carbon and carbon-nitrogen bond cleavage. For example, 
alanine is oxidised to acetaldehyde in 50% yield by NBrS 
(58). Similarly phenylglycine gives 25-40% yield of 
benzaldehyde. Recently, a qualitative and quantitative study 
was made of the gases evolved in the oxidation of amino-acids 
and derivatives by NBrS (97). All compounds studied evolved 
one mole of carbon dioxide per mole of amino-acid.
Bhargara et al (61) have studied the oxidation of amino- 
acids by NBrS using Ultra-Violet spectrophotometry. In view 
of the observed overall second order kinetics, and the 
products, aldehyde, C02 and bromine, the following reaction 
scheme was suggested by these workers:-
ch2-cn
c h2-c
// HNH
NBr + R-C-COOH 
I
H
/
HBr +
C H 2 " C \
c h2-c
NH
W
O
\
C=NH
/
HOOC
0
// 5+
:2“C\5" . •. Br
N*.
j I O \
•
*H.
W 5+
0
Slow
H,8>R
Ng*_* X COOH
H
(55)
R
X C=NH + H00 / 2HOOC 
HBr + NBrS
Fast
■►RCHO + NH3 + C02
•Br2 + NSH
(56)
(52)
(Scheme 12)
The rates of oxidation of the amino-acids followed the 
increasing order: glycine < <x-alanine < leucine <
phenylalanine.
Hogg and Gopalakrishnan (66) have shown that there is no 
significant absorption in the wavelength range 200-320 nm in 
separate solutions of NBrS and amino-acid, but a mixture of 
amino-acid and NBrS exhibits an absorption maximum at 240 nm 
(see Section 1.6.4). This absorbance was found to decrease 
with the time. Therefore, the reaction involves the formation 
of an intermediate which then decays to products.
Although there is much literature available on N- 
bromosuccinimide (66) and other N-halogen compounds such as 
N-bromoacetamide (98-99), there is very little on NC1S. 
However, it is expected to behave in a similar manner to 
NBrS. Ramachandram et al (67) have studied the kinetics of 
the reaction between NC1S and several amino-acids, and found 
first order kinetics with respect to the oxidant. The 
observed decrease in the rate with an increase in the acidity 
of the solution suggested that the amino-acid is being 
removed progressively as a kinetically inactive form. Thus 
the most likely form of the amino-acid involved in the 
oxidation process is the zwitterionic form. Several workers 
(66-67) have suggested that the reaction between NC1S and 
6c-amino-acids proceeds mainly through chloroester formation 
which then breaks down to give the imine.
5.2. Aims of the present work.
The first aim of the present work was to study the
kinetics of the oxidation of amino-acids by NC1S and NBrS and 
to compare these oxidants. Also it is of interest to compare 
the kinetics of the NC1S reaction with the CAT reaction 
because it is likely that the same intermediates occur in 
both reactions, viz chloroester and imine.
Spectrophotometric studies of the reaction between NBrS 
and amino-acid were carried out in order to obtain the 
spectrum of the intermediate. The stability of the oxidants 
was studied before they were used.
5.3. Results.
5.3.1. Stability.
Spectra of NC1S solutions were obtained using Ultra- 
Violet spectrophotometry. A solution of l.OxlO”4 M of NC1S 
shows increasing absorbance below 210 nm with a maximum at 
wavelength 200 nm which is probably due to stray light. There 
is no significant absorption at higher wavelengths. No 
significant change in the absorbance occurred during the 
twenty four hours as shown in Figure (5.3.1). Solutions of 
higher molarity of NC1S have been examined and again no 
change occurred over a 24 hour period as shown in Figure 
(5.3.2). The stability of solutions of NBrS have been 
assessed using the same method. No change was observed in the 
spectrum of NBrS during the twenty four hours (see Figure
5.5.3). Solutions of NBrS and NC1S were kept in volumetric 
flasks coated with aluminum foil.
t.i. n  
-<11
%
0. '•
UBS
0.0 6.5 1.  v
Wi
1.5
Fiqure (5.3.1). UV absorption spectra of NC1S in dist i l l e d
water taken every 2 hrs for a period of 12 
then after 12 hrs. <NC1S C o n c n . -1.Ox 10 ^M)
h r s .
xy /“
hlS
Figure (S. 3.2). UV absorption spectra of NC1S in d i s t i l l e d
water taken immediately after pr e p a r a t i o n  of 
NCl.li solution then after 2, A, 6, 12 hrs. 
(NC1S C o n c n .~ 3 .O x l o " .
A&S
Fiqure (b.i.i). UV a bsorption spectra of NBrS in distil led 
w a t e r  taken immediately after p r e paration
of NBrS solution then a f ter 2, 4, (», 12 hrs.
-  2
(NBrS fnncn 3 . ox 1 O M).
t
5.3.2. Experimental results for the rates of oxidation of
amino-acids bv NC1S and NBrS at different ranges of pH using 
Ultra-Violet spectrophotometry.
The kinetics of oxidation of glycine, alanine, valine, 
serine and proline were investigated at several initial 
concentrations of reactants using UV spectrophotometry. A 
wavelength of 245 nm (3.0xl0-3M oxidant) was used for all the 
amino-acids. Consecutive first order kinetics with two or 
sometimes three stages were observed (for example see Figure
5.3.4). Figures (5.3.5-5.3.6) show the reaction between NC1S 
and alanine which was followed at a wavelength 245 nm. The 
rate constants of the first stage (J^yi), the second stage 
(kUV2)r and the third stage (kuv3) of the consecutive first 
order reactions increase with increases in the amino-acid 
concentrations (see Tables 5.3.1-5.3.7). Plots of kyvl 
against [amino-acid] give straight lines with intercepts (see 
Figures 5.3.7 for alanine, 5.3.9 for valine, 5.3.11 for 
serine and 5.3.12 for proline). However, at some pH's the 
first stages for alanine and valine showed a first order 
dependence on the amino-acid (see Figures 5.3.8 for alanine 
and 5.3.10 for valine).
For comparison some runs were carried out with NBrS. The 
kinetics were consecutive first order with two or sometimes 
three stages (see Figure 5.3.13). The rate constants of these 
stages show fractional order dependence on the amino-acid 
concentrations (see Figures 5.3.14-5.3.15), and they were 
much faster than those for the reaction between NC1S and 
amino-acids. Tables (5.3.8-5.3.12) show the values of the
-200-
Figure (5.3.4) .
Plot of A ^ ) against time showing the reaction which
followed consecutive first order for the NC1S oxidation
a
of alanine at pH 2.84 and 30 C using UV spectrophotometry* 
[alanine] =C. 01 mol l”1; NC1S =3.0xl0~3mol l”1.
X10"1
-5.
- 20.
-25.
-30.
-35.
H
X103
reaction ti-me/s
2- 3 4
, ✓  ^'
ABS
Figure (5.3.5) . (,v absorpt ton spectra for the first sta<je
of the reaction betw e e n  NCIT. and alanine 
o
at pH 3.2 and 2 3 C. The scan tine was e v ery  
1.4o minutes. (Alanine C o n c n  . -(). <> 1M and 
NC I C C o n c n  .=?. Ox .
rt&S
after 
12 hr
nw
Figure ( 5 . 3 . 6 )  • uv a bsorption spectra for the sec o n d  staqe
of the rcuction w h ich is shown in F i g u r e  ( 5 . 3 . 5 )  • 
The scan time was every 5  minutes#
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rate constants for the NBrS oxidation of alanine, glycine,
valine, serine and proline respectively.
Table (5.3.1). Kinetic data for the NC1S oxidation of
alanine at 30°C, varying pH and concentration; 
[NClS]=3.0xl0“3mol l”1.
pH [alanine] 103 3cuvl 103 3cuv2
/mol l”1 /s”1 /s”1
4.0 0.01 4.57 3.60
4.0 0.03 17.0 4.57
4.0 0.05 30.1 4.80
4.0 0.07 40.3 4.87
4.0 0.09 58.7 5.01
4.27 0.05 33.0 4.34
4.55 0.03 28.6 4.06
4.55 0.05 38.2 4.22
4.55 0.07 59.9 4.42
4.55 0.09 78.1 4.47
5.88 0.005 4.40 4.48
5.88 0.010 8.01 4.54
5.88 0.030 28.1 4.74
5.88 0.050 47.1 4.81
5.88 0.070 67.2 4.82
Table (5.3.2). Kinetic data for the oxidation of alanine by
o
NC1S and CAT at 25 C, varying pH and 
concentration? [NC1S]=[CAT]=3.0xl0“3mol l”1.
pH [alanine] 102kuvl 1023cuvl 104)cuv2 104kuv2 104kuv3
(NC1S) (CAT) (NC1S) (CAT) (NC1S)
/mol l-1 /s”1 /s”1 /s_1 /s"1 /s*”1
6.4 0.01 0.62 0.49 1.78 1.71 —
6.4 0.03 1.11 1.60 2.57 2.58 —
6.4 0.05 1.80 2.27 2.61 2.67 —
6.4 0.09 2.62 4.06 2.75 2.78 __
2.84 0.03
2.84 0.05
2.84 0.07
4.81
6.10
6.60
1.27
1.74
2.00
uv
l
Figure (5.3.7).
Plot of against Jalanine^j for the NC1S oxidation
o
of alanine at pH 6.4 and 25 C.
X10 - 3
1 8 .
|alanine*j /mol 1
-1
uv
l
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Figure (5.3.8) .
Plots of k against £alaninejfor the NC1S oxidation of
o
alanine at different pH's and 30 C.
(alahine]/mol I \
Table (5.3.3). Kinetic data for the oxidation of alanine by
NC1S and CAT at different concentrations of
alanine and at 30 °c?
[NC1S]= [CAT]=3.0xl0”3mol 1"1? pH = 2
[alanine] 104 kuv2 104 104 kuv3
(NC1S) (CAT) (NC1S)
/mol I-1 /s’1 /s'1 /s-1
0.01 6.22 6.28 2.20
0.03 6.31 6.32 2.47
0.05 6.43 6.41 2.86
0.09 6.63 6.60 3.27
Table (5.3.4). Kinetic data for the oxidation of glycine
o
NC1S and CAT at 30 C, varying pH 
concentration? [NC1S]=[CAT]=3.0xl0”3mol 1
PH [glycine] 104 kuv2 104 kuv2
oH
(NC1S) (CAT) (NC1S)
/mol I-1 /s'1 /s"1 /s-1
2.8 0.01 4.42 4.26 0.98
2.8 0.03 4.88 4.90 0.77
2.8 0.05 5.20 5.00 0.93
2.8 0.09 5.60 5.43 0.91
4.27 0.01 4.68 — 0.97
4.27 0.03 6.40 — 1.16
4.27 0.05 6.74 — 1.25
4.27 0.07 6.94 _  _ 1.26
5.35 0.01 3.91 —- 0. 68
5.35 0.03 3.99 — 0.69
5.35 0.05 4.13 — 0.71
5.35 0.07 4.25 — 0.72
5.35 0.09 4.37 — 0.74
by
and
1 .
-2oy-
Table (5.3.5). Kinetic data for the oxidation of valine
NC1S and CAT at 30 °C, varying pH
concentration? NC1S]=[CAT]=3.0xl0”3mol 1
PH [valine] 10 ^QVl 104 *UV2 io4 :
(NC1S) (NC1S) (CAT
/mol l"1 /s’1 /s”1 /s-1
2.85 0.01 2.01 6.65 6.68
2.85 0.03 2.48 7.35 7.40
2.85 0.05 2.90 7.97 8.04
2.85 0.10 3.33 10.3 10.4
3.50 0.0065 3.94 1.90 —
3.50 0.01 4.26 2.00 —
3.50 0.03 5.90 2.23 —
3.50 0.05 6.61 2.62 —
3.50 0.10 10.0 2.98 _ _
4.26 0.01 3.97 1.91 —
4.26 0.03 11.8 2.43 —
4.26 0.05 17.5 2.70 —
4.26 0.07 25.5 2.90 —
5.38 0.01 22.1 3.00 —
5.38 0.02 40.0 3.22 —
5.38 0.03 55.01 3.66 —
5.38 0.05 94.48 3.85 —
5.38 0.07 135.1 4.11 __
by
and
1
«
uv
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Figure (5.3.9).
Plots of kuvl against [valine] for the NCIS oxidation of
o
valine at two different pH's and at 30 C.
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Figure (5.3.10).
Plots of against (Valinejfor the NC1S oxidation of
o
valine at two different pH's and at 30 C.
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Table
/
(5.3.6). Kinetic data for the NC1S oxidation of serine
at 30 *C, varying pH and concentration.
[NC1S]=3.OxlO”3mol I'1 .
PH [serine] 
/mol I-1
103 kuVl
/s-1
103 kuv2
/s”1
103
/s"1
2.78 0.01 __ 5.19 0.17
2.78 0.015 — 5.53 0.18
2.78 0.03 — 6.61 0.24
2.78 0. 04 — 7.44 0.28
2.78 0.05 — 8.23 0.33
3.23 0. 01 — 6.58 0.20
3.23 0.02 — 7.81 0.27
3.23 0.03 — 8.83 0.31
3.23 0.04 — 10.1 0.41
3.23 0.05 — 11.7 0.43
4.27 0.005 4.67 0.28 — -
4.27 0.01 8.22 0.37 —
4.27 0.02 13.6 0.43 —
4.27 0.03 18.9 0.44 —
4.27 0.04 24.5 0.48 —
5.4 0.005 17.9 0.50 —
5.4 0.01 32.9 0.53 —
5.4 0.02 65.5 0.56 —
5.4 0.03 96.1 0.59 —
5.4 0.05 145.9 0.60 _ _
xlO
14
13
12
11
10
9
8
m
/
6
5
4
o
•_/
7
1
0
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Figure (5.3.11). /
Plots of kuvl against [serineJ for the NC1S oxidation of 
serine at different pH's and at 30°C. /
pH =
T
XI 0-
[serine J /mol 1
Table (5.3,7). Kinetic data for the NC1S oxidation of proline
at 30 °C, varying pH and concentration;
[NC1S]=3.OxlO~3mol l"1.
PH [proline] 
/mol l"1
1°2 kuVl
/s"1
1C)3 *uv2
/S’1
2.85 0.02 0.25 0.39
2.85 0.03 0.36 0.48
2.85 0.04 0.42 0.66
2.85 0.05 0.60 0.88
2.85 0.06 0.65 0.95
2.85 0.07 0.73 1.05
3.68 0.02 0.63 0.40
3.68 0.03 0.79 0.58
3.68 0.04 0.91 0.69
3.68 0.05 1.02 0.81
3.68 0.06 1.09 0.88
4.28 0.01 0.66 0.26
4.28 0.02 0.84 0.53
4.28 0.03 1.03 0.74
4.28 0.05 1.42 1.14
4.28 0.07 1.80 1.50
[proline] 102 103 k , ^
/mol l-1 /s-1 /s-1
5.88 0.01 1.41 0.42
5.88 0.02 1.59 0.77
5.88 0.03 1.76 1.17
5.88 0.04 1.94 1.55
5.88 0.05 2.15 1.91
Figure (5.3.12). Plots Op kuv1 QgaiDSt
[prolinel For the NCIS oxidation oF proline at 
diFFerent pH's and 30 C *
X10"3 
22.
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Table (5.3.8). Kinetic data for the NBrS oxidation of alanine
at 25 °C, varying pH and concentration;
[NBrS]=3.0xl0_3mol l"1.
pH [alanine] 102 lcuvl 102 3 ^ ^
/mol l*1 /s"1 /s"1
2.0
2.0
2.0
2.0
2.0
0.01
0.03
0.05
0.07
0.09
5.17
7.58
9.62
11.5
12.9
0.66
1.89
3.08
4.20
5.33
2.85
2.85
2.85
2.85
2.85
0.006
0.008
0.010
0.012
0.030
26.8
31.6
33.8
35.9 
58.1
4.92
5.28
5.54
5.95
9.06
3.59
3.59
3.59
3.59
3.59
0.008
0.012
0.020
0.030
0.050
11.6
13.2
15.0
4.83
5.91 
7.21 
8.19
8.92
4.27 0.006 58.9 6.01
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4.27
4.27
4.27
4.27
5.2
5.2
5.2
5.2
5.2
5.99
5.99
5.99
5.99
5.99
[alanine] 102 102
/mol l”1 /s”1 /s"1
0.008
0.010
0.012
0.030
0.01
0.012
0.03
0.05
0.07
0.006
0.008
0.010
0.012
0.030
73.5
34.2
35.0
36.8
38.4
40.1
22.3
26.5
29.6 
32.0
36.9
6.17
6.34
6.57
6.64
2.31
2.33
2.45 
2.56 
2.60
1.46 
1.74 
2.03 
2.67 
4.98
Table
-ZX2-
(5.3.9). Kinetic data for the NBrS oxidation of
o
glycine at 25 C, varying pH and
concentration? [NBrS]=3.0xl0“3mol I”1.
PH [glycine] lO3 ] ^ ^  103 k ^
/mol I-1 /s”1 /s"1
2.75 0.01 2.79 1.06
2.75 0.03 3.25 1.59
2.75 0.05 3.83 1.94
2.75 0.07 4.14 2.13
2.75 0.09 4.68 2.25
4.26 0.01 4.17 2.13
4.26 0.03 5.18 2.48
4.26 0.05 6.10 2.72
4.26 0.07 7.09 2.83
4.26 0.09 7.96 3.02
Figure (5.3.13).
Plot of A (<*>)^ a9ainst time showing the reaction
which followed a consecutive first order for the NBrS
o
oxidation of glycine at pH 2.75 and at 25 C •
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Table (5.3.10). Kinetic data for the NBrS oxidation of valine
o ,
at 25 C, varying pH and concentration? 
[NBrS]=3.OxlO-3mol l”1.
PH [valine]
/mol 1-1
102 JCuv! 103 1 ^ 2
/S-1 /S-1
2.79
2.79
2.79
2.79
2.79
0.005
0.007
0.009
0.011
0.015
0.77
1.72
2.88
3.80
5.85
1.15
2.62
4.31
5.96
10.0
4.28
4.28
4.28
4.28
4.28
0.005
0.007
0.009
0.011
0.015
4.36
5.75
6.74 
8.70
9.74
4.96
6.08
8.27
9.55
12.1
5.38
5.38
5.38
5.38
5.38
0.005
0.007
0.009
0.011
0.015
3.77
3.62
3.30
2.56
2.27
14.9
13.5
11.7
10.1
7.02
Table (5.3.11). Kinetic data for the NBrS oxidation of serine
o
at 25 C, varying pH and concentration; 
[NBrS]=3.OxlO“3mol l"1.
pH [serine] 102 )cuvl 103 3cuv2
/mol l"1 /s”1 /s”1
2.83 0.005 3.04 3.26
2.83 0.010 4.28 7.62
2.83 0.020 6.41 13.5
2.83 0.030 8.24 20.4
2.83 0.040 10.5 47.1
4.26 0.005 6.61 17.8
4.26 0.010 7.11 27.6
4.26 0.020 7.54 37.4
4.26 0.030 7.73 42.1
4.26 0.040 8.12 50.9
5.86 0.005 — 7.37
5.86 0.010 — 7.01
5.86 0.020 — 6.54
5.86 0.030 — 6.48
5.86 0.040 — 6.43
Table (5.3.12). Kinetic data for the NBrS oxidation of
©
proline at 25 C, varying pH and
concentration? [NBrS]=3.0xl0“3mol l”1.
pH [proline] 102 3cuvl 102 3 ^ ^  103 3 ^ ^
/mol I"1 /s”1 /s'1 / s”1
2.71
2.71
2.71
2.71
2.71
0.005
0.010
0.020
0.030
0.040
0.11
0.15
0.22
0.28
0.34
0.26
0.49
0.83
1.24
1.71
3.62
3.62
3.62
3.62
3.62
0.01
0.02
0.03
0.04
0.05
0.55
1.09
1.45
1.95
2.43
0.07
0.13
0.18
0.24
0.30
4.28
4.28
4.28
4.28
4.28
0.02
0.03
0.04
0.05
0.06
2.03
2.27
2.60
2.82
3.05
0.15
0.21
0.28
0.33
0.37
uv
l
Figure (5. 3. 14).
Plots of against j^amino-acidj for the NBrS oxidation
of amino-acids at 25 C.
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Figure (5.3.15).
Plots of k against famino-acidl for the NBrS oxidation
UV£ *- j
of amino-acids at different pH's and at 25°C.
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5.3.3. Experimental results for the rates of oxidation of
alanine by NC1S using the iodometric titration method.
The kinetics of oxidation of alanine by NC1S were 
investigated at pH 2.84 for several initial concentrations of 
alanine. Consecutive first order kinetics were observed, as 
shown in Figure (5.3.16). Table (5.3.13) shows the values of 
the rate constants for the first stage (kj), the second stage 
(kn) and the third stage (kjjj) of the reaction between NC1S 
and alanine. The rate constants for the second and the third 
stages of the reaction between alanine and NC1S were in good 
agreement with those obtained from the CAT oxidations under 
the same conditions (see Table 5.3.2).
Table (5.3.13). Kinetic data for the NC1S oxidation of 
alanine at different concentrations of
pH = 2.84
alanine and at 25 °C ; (using
method); [NC1S]=3.0x10 ~3mol l”1;
[alanine] 103 k-j- 104 kri 104 kIII
/mol l-1 /s-1 /s"1 /s'1
0.012 0.92 2.27 0.45
0.020 1.04 3.76 0.97
0.030 1.13 4.89 1.26
0.050 1.80 6.06 1.76
0.070 4.60 6.56 1.92
In 
(t
it
re
)
Figure (5.3.16).
Plot of In (titre) against time showing the reaction which
followed a consecutive first order for the NC1S of alanine
at pH 2.84 and at 25°C.
X10'1
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5.3.4. Experimental evidence for the presence of intermediate 
of the reaction between NC1S or NBrS vith alanine.
The reaction between alanine and NC1S at pH 3.35 was 
scanned in the range 200-320 nm every 1.20 minutes. No 
significant absorption was noted in the first and the second 
spectra, but later spectra showed a broad peak around 245 nm. 
The absorbance of the peak increased with time as shown in 
Figure (5.3.17). At [alanine]=0.012 M the time taken to reach 
the maximum absorbance at 245 nm was 12 minutes, then the 
absorbance decreased to its final value (see Figure 5.3.18). 
Thus the formation and decomposition of an intermediate seems 
likely. However, succinimide is a likely product in the first 
stage of this reaction. This substance absorbs at around 
245 nm (see Figure 5.3.19). If the spectrum due to the 
maximum expected concentration of succinimide (3.0xl0”3M, the 
initial concentration of NC1S) is subtracted from the 
spectrum showing the maximum absorbance, the resulting 
spectrum still shows a peak at 245 nm. Hence, it is clear 
that an intermediate other than succinimide is formed. Figure 
(5.3.20) shows the spectrum of the subtracted intermediate. 
Similar behaviour was observed when N-bromosuccinimide was 
the oxidant, except that, the time for the first stage to 
reach the absorption maximum at 245 nm was too fast to 
measure (see Figure 5.3.21).
w<>
(5.3.17) . pv Absorption spectra for the first stiujc
of the r e u ction b e t w e e n  NC 1 S and a l a n i n e  at 
o
pH 3.35 and 25 C. T he scan l i m e  was e v ery
1.2(i minutes. T h e  first s p e c t r u m  w as NC1S only*
, B
(Alanine Concn *»0, OI 2M mil AJC1S C'mcn . #3.ok 1 O ft)*
2.0
288
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Figure (5.3.18). UV a b s o r p t i o n  s p e c t r a  for the s econd staqc
of the reaction w h i c h  is shown in Figure (5.3.17) . 
The scan time was e v e r y  15 minutes.
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Figure (5.3.19). UV absorption spectrum of succinimide in
o
distilled water at pH 3.35 and 25 C. 
(Succinimide Concn.=3.Ox 10 "*M) .
APS
240-
266
280-
300
326
ABS
Figure ( 5 . 3 . 2 0 ) .  UV absorption spectrum of the subtracted
intermediate•
266
nm
Figure (5.3.21).
UV absorption spectra for the second^of the reaction betwe^ 
NBrS and alanine at pH 5.12 and at 25 °C. The scan time w < *=
every 35 second. a- UV absorption spectrum of NBrS only* 
(alanine concn.=0.012 & NBrS concn.=3.0x10 \
CHAPTER SIX 
Discussion
6.1. Introduction.
Chloramine-T furnishes various reactive species in 
solution, depending on the pH of the medium (12). A knowledge 
of the predominant reactive species is obviously important 
when mechanisms of oxidation are considered. Bishop and 
Jennings (12) calculated the concentrations of the various 
species present in a 0.05 M solution of CAT as a function of 
pH (see Table 1.2). Their calculations assumed that 
[RNC12]=[RNH2]. We have calculated more accurate values of 
the concentrations at different pH and based on the following 
theory:-
K1
RNHC1 RNC1" + H+
Kx = 2.82X10"5
KD
(2)
2RNHC1 » RNC12 + RNH2   (3)
Kd = 6.1x10-2
%
RNC12 + H20   ** RNHC1 + HOC1   (4)
Kr = 8 .0x10-7
KA
HOC1 H + OC1”   (6)
Ka  3.3x 10“8*
Total CAT species
[CAT] = [RNHC1] + [RNC1“] + [RNC12] + [RNH2] ...(6.1.1) 
Total Cl:-
[Cl] = [RNHC1] + [RNC1“] + 2[RNC12] + [H0C1] + [0C1~]
...(6.1.2)
[Cl] = [CAT]
[RNC12] + [H0C1] + [OCl~] = [RNH2]
(assumes no added RNH2)
i.e [HOC1] + [OCl“] = [RNH2] - [RNC12]
Kh  [RNC12]
[HOC1] = -----------
[RNHC1]
Now [HOCl] = [RNH2] - [RNC12]
[RNH2] = [HOCl] + [RNC12]
Kh  [RNC12]
...(6.1.3) 
...(6.1.4)
[RNHC1] 
i.e [RNH2] = [RNC12]
[RNC12]
f %
j[RNHC1]
+  1 - ... (6.1.5)
K
Because the term 
be replaced by X
H
[RNHC1]
+ 1 occurs frequently it will
Kd [RNHCl]2
Now [RNC12] = ----------- -
[RNH2]
substitute for [RNH2] from (6.1.5)
[RNC12] =
Kd [RNHCl] 
[RNC12] X
Kd [RNHCl] 
[RNC12]2= —
X
[RNC12] = [RNHCl]
Kf
X
... (6.1.6)
Substitute for [RNC12] in equation (6.1.6):-
[RNH2] = [RNHCl] X
KD
= [RNHCl] J^Kd  X ...(6.1.7)
Substitute in equation for total CAT:-
K± [RNHCl]
[CAT] = [RNHCl] + ------------+ [RNHCl]
[H+]
KD + [RNHCl]
x  M
k d X
Kr
if _______  «  1 then [CAT] = [RNHCl]
[RNHCl]
(i.e X=l)
[CAT]
Ki
1 +  + 2 KD
[H+ ]
...(6.1.8)
i.e [RNHCl] =
1 + 2.82x10“5/[H+ ] + 2 6.1xl0“2
[CAT]
[RNHCl] =      ...(6.1.9)
1.494 + 2.82x10 / [H+ ]
k h
Even when the condition  ------  «  1 is not satisfied,
[RNHCl]
equation (6.1.9) still gives satisfactory values because the 
Kiterm   becomes large and errors m  the other terms
[H+ ]
negligible. Once the concentration of RNHCl is calculated, 
the concentrations of the other species are easily calculated 
using reactions 2 and 6 and equations 6.1.4, 6.1.6 and 6.1.7. 
Table (6.1.2) shows calculated concentrations for [CAT]=0.05M 
for comparison with Bishop and Jennings's values, and Tables
6.1.1, 6.1.3 show the concentrations for [CAT] = 1.0xl0’"4M
and 3.0x 10_3M (the concentrations used in most of the present 
work).
Table (6.1.1). Concentrations (mol l”1) of various species
present in a 1.0xl0”4mol l"1 CAT solution 
over a range of pH values.
PH [RNC1“] [RNHCl] [RNH2] [RNC12] [HOCl] [OCl-]
1 1.89x10”8 6.69xl0“5 1.66X10"5 1.64X10”5 1.96xl0“76.48X10"14
2 1.92X10”7 6.68xl0“5 1.66X10”5 1.64X10"5 1.96X10"76.48X10”13
3 1.85X10"6 6.57xl0“5 1.63X10”5 1.61xl0“5 1.96X10"76.48X10’12
4 1.59xl0*~5 5.63xl0“5 1.40X10”5 1.38xl0~5 1.96X10”76.47X10"11
5 6.54X10"5 2.32X10"5 5.82X10”6 5.63X10"6 1.94xl0“76.41X10"10
6 9.50X10”5 3.37X10”6 9.25X10”7 7.48X10”7 1.78X10”75.86X10"9
7 9 .95xl0~5 3.53X10”7 1.57X10”7 4.82X10"8 1.09X10”73.61X10”8
8 9 .99xlO*”5 3.54X10”8 4.25X10”8 1.80X10"9 4.07X10"81.34X10"7
Table (6.1.2). Concentrations (mol l”1) of various species
present in a 0.05 mol I”1 CAT solution over 
a range of pH values.
pH [RNC1~] [RNHCl] [RNH2] [RNC12] [HOCl] [0C1~]
1 9.45X10"6 3.35X10"2 8.27X10”3 8.27xl0“3 1.97xl0“76.50X10”14
2 9.42X10"5 3.34X10"2 8.25xl0~*3 8.25X10”3 1.98X10*"76.53xl0~13
3 9.25xl0~4 3.28X10-2 8.10X10-3 8.10X10”3 1.98xl0“76.53X10"12
5 3.27X10-2 1.16X10"2 2.87xl0~3 2 .86xl0“3 1.97X10"76.50xl0~10
7 4.96X10”2 1.76X10"4 4.36xl0“5 4.34X10”5 1.97xl0“76.50X10"8
9 4.99X10”2 1.77X10"6 5.27xl0“7 3.63xl0~7 1.64X10”75.40X10"6
Table (6.1.3). Concentrations (mol l”1) of various species
present in a 3.OxlO”3 mol l”1 CAT solution 
over a range of pH values.
pH [RNC1-] [RNHCl] [RNH2] [RNC12] [HOCl] [OCl~]
1 5.67X10”7 2.01X10"3 4.97xl0“4 4.96X10”4 1.97xl0“76.50xl0~14
2 5.64X10”6 2•OOxlO-3 4.94xl0~4 4.94xl0“4 1.98X10"76.53X10-"13
3 5.56X10-5 1.97X10”3 4.87X10“4 4.86X10"4 1.97X10”76.50X10"12
5 1.96X10"3 6.96x10”4 1.72X10”4 1.72X10”4 1.98X10”76.53x10”10
7 2.99X10”3 1.06X10”5 2.72X10-6 2.52xl0“6 1.90X10”76.27xl0~8
The calculations show that in acid medium the mono- 
chloramine-T and di-chloramine-T predominate, but as the pH 
rises the anion of the acid (RNC1~) becomes important, 
reaching predominance in weak acid or neutral solution. Even 
in weakly alkaline medium the acid anion predominates over 
hypochlorite. However, hypochlorite ion or even hypochlorous 
acid, may be the reactive species under some conditions in 
chloramine-T oxidations.
6.2. The formation of intermediates.
Earlier work has suggested the formation of a 
intermediate in appreciable concentration in the oxidation of 
amino-acids by CAT (see Section 1.8). The present work has 
confirmed this, both by the observation of consecutive first 
order kinetics, and by the observation of Michaelis-Menten 
kinetics (valine and arginine only). In the oxidations by N- 
chlorosuccinimide not only were consecutive first order 
kinetics observed, but also the presence of a peak at 245 nm 
which built up then decayed ( see Section 5.3.4). Similar 
behaviour was observed when N-bromosuccinimide was the 
oxidant (see Section 5.3.4). The suggestions which have been 
made for the identity of the intermediate are (a) a 
chloroamino-acid, and (b) a chloroester (or acyl 
hypochlorite). Hogg and Gopalakrishnan (66) argued in favour 
of (b) - see section (1.8). Most of the runs in the present 
work were carried out in the range pH 2-6. In this range the 
predominant amino-acid species (Cation or Zwitterion) contain 
positively charged nitrogen, consequently attack on nitrogen
is very unlikely. Hence, in general we favour the chloroester 
as an intermediate. In addition our work with N-
chlorosuccinimide and N-bromosuccinimide shows the presence 
of an intermediate which absorbs at 245 nm . Absorption at 
this wavelength is characteristic of C=N, therefore it seems 
likely that an imine is being detected. Imines readily 
hydrolyse to give aldehydes, hence they are plausible 
intermediates. The agreement between 3cuv2 for the reaction of 
CAT and NC1S with the same amino-acids indicates that both
reactions involve the same intermediate or intermediates. 
The following reaction scheme seems to be a suitable basis 
for most of the following discussion:-
X-Cl + amino-acid ^ ^  Chloroester + X”
 ..(57)
v
Products ------  Imine
(Scheme 13)
When CAT is the oxidant and it is present in excess, a 
nitrile is the main product (see Section 2.3.3). A possible 
explanation of this is that CAT attacks the imine
intermediate:-
R'-CH=NH + RNC1” ------ ►R'-C=N + RNH2 + Cl” ....... (58)
6.3. Oxidation of amino-acids bv CAT.
The reactions between the amino-acids and chloramine-T
were studied over a wide range of pH in the present work. The 
kinetic behaviour at pH 3.3 and below was found to be 
different from that at pH > 3.3. Therefore, it is necessary 
to discuss the kinetic results for these two ranges of pH 
separately. Differences in the kinetics obtained with 
1.0xl0”4M and 3.0x 10”3M CAT were also found? these are 
pointed out in the following discussion. Apart from one or 
two exceptions, runs at the higher concentration of CAT were 
only carried out at pH < 3.3.
6.3.1. Oxidation of the amino-acids bv CAT at pH 3.3 and 
below.
The kinetics in this pH range show a one stage first 
order reaction at 1.0xl0~4M of CAT, but at 3.0x 10”3M CAT two 
first order stages were observed. At the higher concentration 
of CAT the reactions were studied by both ultra-violet 
spectrophotometric and iodometric titration methods and fair 
agreement between the results of the two methods obtained 
(see Tables 2.3.31). As already pointed out (Section 1.4), in 
acid solutions of CAT, RNHCl, RNC12 and HOCl are likely 
oxidising species. Because the reaction shows a first order 
dependence on CAT, RNC12 cannot be the reactive species. 
Hence, the reactive species will be either RNHCl or HOCl, or 
possibly H20C1+ . The reactions were studied over a range of 
amino-acid concentration (0.01-0.10 M, Tables 2.3.25,2.3.27) 
and only a small change in the first order rate constants 
with amino-acid concentration was observed (see figure 6.3.1- 
6.3.2). Also the reaction rate was retarded by the addition 
of p-toluenesulphonamide (both stages of the reaction were
Figure(6 .3 *1  ) Plot oF rate constansts 
against [alanine] For the CAT oxidation oF
O
alanine at pH 3.0 and 30 C*
Figure (6«3«2) •
Plots of rate constants of the first and second stages 
of the reaction between CAT and alanine against Calanine 3
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affected) as shown in Tables (2.3.24,2.3.26,2.3.28). These 
observations favour HOCl or H20C1+ as the reactive species. 
These species arise from the hydrolysis of CAT, and it is 
necessary to assume that is partly rate determining in the 
following scheme:-
Slow
RNHCl + HoO2W RNH2 + HOCl (5)
HOCl + R-CH-C
Fas\  ____
NH3
i- r -c h -c;
I N0-Cl 
+NHo
Imine
(59)
Products
(Scheme 14).
Alternatively, H20C1+ may be involved:
HOCl + H+ ^  H20C1+ then.
H90C1+ + R-CH-C^ -
2 i ^
+
o-
NH.
R-CH-C^
\
(37)
0-C1
+ H2°
NH.
Imine Products
(60)
(Scheme 15)
The above reactions assume that the amino-acid zwitterion is 
reacting; in general the concentration of zwitterion 
decreases below pH 3 but it is still appreciable at the pH's 
(2.0-3.3) used in the present work. Reaction of the amino- 
acid cation cannot be excluded. The one stage reaction
observed at 1.0xl0“4M CAT can be attributed to the much lower 
concentration of the intermediate chloroester or possibly to 
the use of different wavelengths (226 nm compared with 
273 nm).
When N-chlorosuccinimide was used as the oxidant the 
reaction showed three stages. The values of the rate constant 
for the second stage were in agreement with the rate 
constant (kUV2) for the second stage of the CAT reaction. 
This suggests a common intermediate in the two reactions. 
However, no third stage for the reaction of CAT with the 
amino-acids was observed. A possible reason for this is that 
the reactions were followed at two different wavelengths 
(245 nm for NC1S and 273 nm for CAT).
Most of the previous work on the kinetics of oxidation 
of amino-acids by CAT was carried out in solutions of pH< 1.4 
(see Section 1.6.1) so a direct comparison with the present 
work is not possible. Mahadevappa and co-workers (38) carried 
out a kinetic study of the oxidation of alanine and 
phenylalanine at acid concentrations in the range 0.04-0.35 M 
(HCl) and [CAT]=1.0x10"3M. In the range [H+ ]=0.04-0.10M their 
experimental rate equation was:-
Rate = k [CAT] [H+ ]  (6.3.1)
Their first order rate constant, k [H+], for alanine at
[H+ ]=0.04 M is shown in Figure (6.3.3) it can be seen that
the rate constant is comparable with the rate constants
obtained in the present work at pH's 2.0 and 2.8. Our
kinetics show some dependence on [alanine] whereas 
Mahadevappa et al. found no dependence in the range
lo
g 
k
Figure (6.3.3).
Plots of log rate constants of the first and second stages 
of the reaction between CAT and 0.01M alanine 
against pH*
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[H+ ]=0.04-0.10 M. We found a retardation due to added p- 
toluenesulphonamide (RNH2 )t but Mahadevappa et al. found no 
effect. The mechanism they suggest is similar to our scheme, 
but in order to explain the absence of effect of added RNH2 
they suggest that formation of HOCl is completely rate 
determining:-
Slow
RNHCl + H20 RNH2 + HOCl (5)
HOCl + H h2oci+
Fast + amino-acid (61)
Products 
(Scheme 16)
Thus their results and discussion are reasonably consistent 
with ours, considering the differences in pH and [CAT], In 
the range 0.16-0.35 M HC1, their experimental rate equation 
was:
rate = k [CAT][amino-acid]
They suggest that under these conditions the rate determining 
step is a direct attack of RNHCl on the amino-acid cation. 
Other workers (Section 1.6.1) have obtained similar results 
for glycine and valine.
6.3.2. Oxidation of the amino-acids bv CAT at p H > 3.3
In this pH range the reaction shows a first order, one
stage, reaction at 1.0xl0”4M concentration of CAT. The 
addition of RNH2 or Cl” ion had no effect on the rate 
constants, except for a small effect of RNH2 on the rate of 
the reaction with arginine at pH 5.2 (Table 2.2.22). 
Therefore, in general, attack by HOCl or Cl2 is excluded. The 
kinetics are not second order with respect to CAT, so attack 
by RNC12 is also excluded. Hence the reactive species must be 
CAT itself (RNHCl or RNC1”). The first order rate constant, 
kuv, increases appreciably with the amino-acid concentration, 
and a first order dependence on the amino-acid concentration 
was found (except for valine and arginine, see below). 
Therefore, the experimental rate law is of the form:-
Rate of reaction = k2 [amino-acid][CAT] ....(6.3.2)
The reaction of valine and arginine show Michaelis-Menten 
kinetics. Plots of the reciprocal of the first order rate 
constant against the reciprocal of the amino-acid 
concentration are linear with a non-zero intercept:-
1___ = 1 + 1 ...(6.3.3)
ICy.y kjj K [AA] ]CX
The equilibrium constant K and the rate constant kx refer to 
the scheme:-
K kx
AA + CAT v  -V X ------ ►Products  (62)
(Scheme 17)
Tables (2.3.11, 2.3.17a, 2.3.20) give values of K and kx
calculated from the slopes and intercepts of the reciprocal
plots. The values of K are low between 2 and 8 . The
intermediate X is possibly the chloroester, mentioned
previously:-
R'-CH-COO
+nh3
kx  (63)
v
Products
^ RNH2  (64)
(Scheme 18)
This scheme is also consistent with the second order kinetics 
observed for the other amino-acids if it is assumed that K is 
smaller and the concentration of intermediate insufficient to 
cause deviation from second order. The difficulty with the 
scheme is that it predicts a retarding effect of added p- 
toluenesulphonamide (RNH2) whereas in general no effect was 
observed. The small effect observed with arginine at pH 5.2 
has been pointed out. It should be pointed out that the use 
of the Ultra-Violet spectrophotometric method restricts the 
addition of RNH2 to a maximum concentration of about 
1.0x 10”4M on account of its high absorbance. Possibly an 
effect would be noticed at high concentrations.
RN2" + 2H+ ^
K
+ RNC1' R'-CH-C
\
+ RN2 -
O-Cl
’NH-
6.3.3. Variation of k2 with pH.
Figure (2.3.25) shows log k2 for all the amino-acids 
plotted against pH ( For valine and arginine kxK is used 
instead of k2). The general trend is an increase in k2 in the 
range pH 3-6. A maximum is shown at about pH 5, followed by a 
relatively small decrease. It is not clear how details of 
these pH profile might be explained, but the increases in the
range pH 3-6 agree approximately with the profile of the
concentration of RNC1”, suggesting that the latter is the 
major reactive species above pH 4. The amino-acids are 
present almost entirely as their zwitterions in the range pH 
3-8, so no contribution to the pH dependence of rate is 
expected from the amino-acid species.
6.3.4. Runs with 3.0xlQ,"3H CAT. pH's 2.5-6.85.
These were carried out for comparison with the kinetic 
study carried out by Higuchi and Hussain (56) on the
oxidation of p-cresol by CAT. These workers found a near
zero-order dependence of rate on p-cresol, and second-order 
dependence on CAT. They proposed that di-chloramine-T (DCT) 
is the reactive species, formed in a rate determining step 
from CAT:-
2CAT DCT + RNH2 .(3)
Fast
DCT + p-cresol  ► Chlorocresol + CAT ....... (51)
(Scheme 19)
This mechanism was confirmed by independent measurements of 
the rate of formation of DCT, and by the retarding effect of 
added p-toluenesulphonamide (RNH2).
In the present work similar conditions to these employed 
by Higuchi and Hussain were used for the oxidation of 
glycine, alanine, and valine. In order to carry out the 
reaction in the presence of added RNH2 the iodometric 
titration method had to be used, due to the high absorbance 
of RNH2 in the UV. The data fitted consecutive first order 
kinetics better than second order (Figures 2.3.32-2.3.33). 
Tables (2.3.30-2.3.32) show values of the first order rate 
constants. An appreciable change in these rate constants with 
increasing amino-acid concentration is evident (see Section 
2.3.32 and Figure 2.3.35). Thus the amino-acids behave in a 
different way from p-cresol, however the explanation of the 
observed kinetics is not clear.
6.4. Oxidation of amino-acids bv di-chloramine-T.
The kinetics of the oxidation of several amino-acids by 
1.0xl0“4M DCT were investigated by the Ultra-Violet 
spectrophotometric method in the range pH 2.5-7 (see Table 
4.3.1-4.3.7). Consecutive first order kinetics were found and 
the rate constants for the second stage agreed well with the 
rate constants found for the oxidations by CAT under the same 
conditions. This is readily explained because CAT is expected 
to be a product of the initial reaction between DCT and an 
amino-acid:-
^uvl
DCT + amino-acid ------ -►Chloroester + CAT ....... (65)
*cuv2
CAT + ammo-acid ----—— ►Chloroester + RNH2 ....... (63)
(Scheme 20).
Attack by DCT is faster than attack by CAT; the ratio 
kuvi/^uv2 generally in the range 2-7.
Similar results were obtained when the iodometric 
titration method was used to follow the reaction between 
alanine and 2.7xlO”4M DCT. Again the rate constants for the 
second stage agreed well with those obtained from the CAT 
oxidations under the same conditions. The ratio kj/kjj was 
generally about 6.
The results from the Ultra-Violet spectrophotometric 
method show that both stages of the reaction are first order 
with respect to amino-acid (see Figures 4.3.7-4.3.17). Table 
(4.3.8) lists the second order rate constants, and in Figure 
(4.3.21) log k2 for the first stage is plotted against pH. 
The pH dependence cannot be a function of DCT species because 
it has no ionisable protons. The pH profiles suggest that the 
zwitterions are the reactive amino-acid species, however they 
do not correlate very well with the pK's of the amino-acids. 
For example, the p ^  of serine is 2.21 whereas k2 equals half 
its maximum value at about pH 3.8.
6.5. Oxidation of amino-acids by bromamine-T.
Tables (3.3.1-3.3.2, 3.3.5-3.3.6, 3.3.9-3.3.10) show the 
results for the kinetics of oxidation of glycine, alanine and
valine by BAT. First order kinetics with respect to BAT were 
found throughout. Above pH 4 the results were erratic, but it 
is clear that the rate shows very little dependence on amino- 
acid concentration. Below pH 4 there is a fractional order 
dependence on amino-acid concentration. The two ranges of pH, 
1.5-4 and 4-8 will be considered separately:-
6.5.1 Kinetics of oxidations of amino-acids bv BAT in range 
PH 1.5-4.
The rate constants generally increase with an increase 
in amino-acid concentration, but at some pH's with alanine 
and valine a small decrease was found (see Tables 
3.3.6,3.3.10). When the rate constants show an increase, 
reciprocal plots show that Michaelis-Menten kinetics are 
obeyed quite well (see Figures 3.3.5, 3.3.8, 3.3.11). The
addition of p-toluenesulphonamide had no effect on the rate, 
but added Br“ increases the rate (alanine and valine only). 
The observation of Michaelis-Menten kinetics suggest the 
reversible formation of an intermediate, possibly:-
RNHBr + amino-acid   Bromoester + RNH2 ....(66)
Products 
(Scheme 21)
The difficulty with this scheme is that it predicts a
retardation due to added RNH2 . Explanations of the effect of 
added Br” can be given, following the suggestions advanced by 
previous workers for the effect of added Cl” in CAT oxidation 
(see Section 1.7.3):
RNHBr + Br” -------► RNH” + Br2  (67)
or RNHBr + Br” ------   RNH^r.....Br  (68)
&  *>~ .Molecular bromine or RNHBr.....Br would then react as m  the
above scheme.
6.5.2. Kinetics of oxidations of amino-acids bv BAT in range 
pH 4-8.
The first order rate constants with respect to BAT are 
all in the range 0.6-2.8xl0”3s”1. The dependence on amino- 
acid concentration is small and erratic. Addition of p- 
toluenesulphonamide has a retarding effect, but no effect of 
added Br” was found (pH 6.6-7.5). The small dependence on 
amino-acid concentration suggests that the slowest step 
involves the oxidant only:-
Slow
RNHBr + H20 s-=j.=S HOBr + RNH2
HOBr + amino-acid -------►Products
(Scheme 22)
Possibly the reaction of HOBr with the amino-acid is partly 
rate determining; this seems necessary in order to explain
(45)
(49)
the retarding effect of RNH2•
It is clearly difficult to get consistent results with 
BAT? for this reason the work was not extended to the other 
amino-acids.
6.6. Oxidation of the amino-acids bv NC1S and NBrS.
6.6.1 Oxidations bv NC1S.
All the runs were carried out with 3.0xl0“3M oxidant in 
the range pH 2.8-6, mostly by the Ultra-Violet 
spectrophotometric technique. Consecutive first order 
kinetics were found, with two or sometimes three stages (see 
Tables 5.3.1-5.3.7 for values of the first order rate 
constants ^uvl' *cuv2 ' an(* ^uv3  ^• For three stages of 
reaction only the rate constants kuV2 and *wv3 were 
calculated. Some runs carried out at pH 2.84 by the 
iodometric titration method showed three stages ( Table 
5.3.13). Good agreement was obtained between the rate 
constants obtained by the two methods.
When a comparison with similar runs performed with CAT 
is made, good agreement is evident between the second stage 
rate constants of the two oxidants (see Tables 5.3.2-5.3.5), 
pH 2.8-2.85 and 6.4 (alanine only). This agreement suggests 
that under at least some conditions the reactions of the two 
oxidants proceed via a common intermediate which we have 
assumed to be the chloroester (see Section 5.3.4).
There is some dependence of rate on amino-acid 
concentration in all 2 or 3 stages of the reaction. The 
dependence is generally fractional order but the first stage
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shows a first order dependence under some conditions (e.g. 
valine at pH 5.38).
The low absorbance of NC1S in the UV above 220 nm made
it possible to observe the spectrum of an intermediate with
\nax = 245 11311 ( Figures 5.3. If -5.3.18 , Section 5.3.4). The 
only obvious intermediate expected to absorb at this
wavelength is the imine, due to the presence of the C=N
group.
The simplest reaction scheme worthy of consideration is 
the following:-
X-Cl + R-CH-C//
(1)
'NH.
R-CH-cf + X*
U-Cl
+NHo
(2)
(57)
+
X-Cl = CAT or NC1S
R-CH=NH + C02 + 2H + Cl
h20 (3)
RCHO + NH3 
(Scheme 23)
However, this scheme on its own cannot explain all the 
facts:-
(i) The intermediate observed by Ultra-Violet 
spectroscopy appears to be formed in the first stage of the 
reaction. If the intermediate is the imine then its 
subsequent reactions would not be detected by iodometry. 
Possibly the concentration of imine is very low ( if its
extinction coefficient is 103-104 then its concentration is 
4.0xl0“3 to 4.0xl0“4) and its concentration parallels the 
concentration of another intermediate which contains an 
active chlorine atom.
(ii) The rates of the second and the third stages 
depend, at least partly, on the concentration of amino-acid. 
The scheme predicts a zero-order dependence of step 2 and 3.
We can only suggest that the reaction is more complex. 
Possibly two or more parallel reactions involving different 
chlorinating species are involved. Also the treatment of the 
kinetics as consecutive first order is in some doubt when 
three stages appear to be present.
6.6.2. Oxidations bv NBrS.
The work with the oxidant was only preliminary. All the 
runs were carried out with 3.OxlO~3M oxidant in the range pH 
2-6 by Ultra-Violet spectrophotometric technique. The 
spectrum of an intermediate with \nax = 245 nm was observed, 
just as for NC1S. Consceutive first order kinetics were 
formed, with two or sometimes three stages (see Tables 5.3.8- 
5.3.12). The rate constants were greater than those obtained 
with NC1S, and no agreement with the kinetics of BAT reaction 
was found. The rate constants of the three stages depend on 
the amino-acid concentration, and the order with respect to 
amino-acid is generally fractional (see Section 5.3.2 and 
Figures 5.3.14-5.3.15). Unlike the previous work by Hogg and 
Gopalakrishnan (66) (see Section 1.6.4) the rate constants 
always increased steadily with increase of amino-acid 
concentration.
CHAPTER SEVEN
Materials. Apparatus and Experimental Methods.
7.1 Materials, their sources and purification.
7.1.1 Chloramine-T.
Chloramine-T (BDH Chemicals Ltd.) was recrystallised 
from distilled water (13, 15, 100-101), filtered with suction 
through a sintered-glass funnel and was dried at room 
temperature in a vacuum desiccator. An aqueous solution of 
the compound was analysed by the iodometric method 
(purity=99.5%) and preserved in volumetric flasks coated with 
aluminum foil to prevent its photochemical deterioration. 
Many authors assume the commercial pure grade to be 100% 
pure; of those quoted, some assume that the product of 
crystallisation is pure, others (101-102) claim it to be, but 
others make no such claim. Morris (13) claims that, the 
principle impurities are sodium chloride and p- 
toluenesulphonamide.
An anhydrous compound is more acceptable as a standard, 
so attempts have been made by previous workers to dehydrate 
the trihydrate. Heating in an air oven above 40°C, or on a 
water bath, produces a sintered yellow substance, believed to 
be di-chloramine-T, which decomposes on further heating. At 
higher temperature this decomposition is violent, becoming 
explosive at 120 °C (12).
Spectral data of chloramine-T
The Ultra-Violet spectrum of CAT in aqueous solution was 
obtained with a Pye-Unicam SP1800 spectrophotometer. The 
compound has a max at 226 nm, using 1.0xl0”4M concentration 
of CAT. At higher concentration (3.0xl0“3M) other maxima
appear (see Figures 7.1.1-7.1.2). The maxima were
No. 2 3 4
A max 256.1 262.5 273.3
The IR spectrum of the compound in a KBr disc was 
recorded on a Perkin Elmer 1750 FTIR spectrometer. It shows 
characteristic bands (cm- )^ at 3530 (strong, OH), 1685
(medium, OH), 1605, 1500 (medium, aromatic C=C stretch), 1245 
(strong, S02), 1126 (strong, shoulder S02) 930 (strong, S-N), 
680 (medium, N-Cl). (see Figure 7.1.3).
7.1.2. p-Toluenesulphonamide
p-Toluenesulphonamide (Aldrich Chemical Company Ltd.) 
was recrystallised from glacial acetic acid, filtered with 
suction through a sintered glass funnel, washed several times 
with small quantities of cold water to remove adherent 
acetic acid and then dried in a vacuum desiccator.
Spectral data of p-toluenesulphonamide
The Ultra-Violet spectrum of RNH2 in aqueous 
solution was obtained with a Pye-Unicam SP1800 
spectrophotometer. The compound has a A  max a t  226 n m ' usin9 
1.0x10~4M concentration of RNH2. At higher concentration 
(1.0x10“3M) other maxima appear (see Figures 7.1.4-7.1.5). 
The maxima were:
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Figure (7.1.1).
UV absorption spectrum of chloramine-T in distilled water
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(Chloramine-T Concn.=1.0x10 M).
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Figure (7.1.2).
UV absorption spectrum of chloramine-T in distilled water.
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(Chloramine-T Concn.=3.OxlO M).
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Figure (7.1.4). UV absorption spectrum of p-toluenesuLphonamide in
distilled water. (Concentration of f>-toluene-
-4sulphonamide = 1.0 x 10 M •
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Figure (7.1.5).
UV absorption spectrum of p-toluenesulphonamide in distilled
-3
water.( p-Toluenesulphonamide Concn.=1.0x10 ).
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The IR spectrum of the compound in a KBr disc was 
recorded on a Perkin Elmer 1750 FTIR spectrometer. It shows 
characteristic bands (cm”"1) at 3326 and 3240 (strong NH) , 
1600 (strong, aromatic C=C stretch), 1580 (strong, shoulder
aromatic C=C stretch), 1500 (medium, aromatic C=C stretch),
1325 (strong, S02) , 1122 (strong, shoulder S02), 915 (strong,
S-N). (see Figure 7.1.6).
7.1.3. N-Chlorosuccinimide and N-bromosuccinimide
N-Chlorosuccinimide and N-bromosuccinimide were obtained 
from Fluoro Chem. Ltd. Solutions of these compounds were 
prepared daily, because decomposition occurred on standing or 
on exposure to light. This was minimised by covering flasks 
in aluminium foil.
7.1.4. Bromamine-T.
Preparation of bromamine-T (BAT).
Di-bromamine-T (DBT) can be prepared by the bromination 
of chloramine-T, then bromamine-T is obtained by dissolving 
DBT in 4M NaOH (93) . In the present work the alternative 
method of adding bromine to a solution of the p- 
toluenesulphonamide in sodium hydroxide was used (103) . 
Solutions of BAT were prepared daily.
Figure (7.1.6). Infrared spectrum of p-toluenesulphonamide
Spectral data of bromamine-T.
The UV spectrum of BAT in aqueous solution was obtained 
with a Pye Unicam SP1800 spectrophotometer. The compound has 
a \ max at 223 nm* (see Figure 7.1.7). This compared with a 
^ ax 224 nm obtained by other workers (54).
The IR spectrum of the compound in a KBr disc was 
recorded on a Perkin Elmer 1750 FTIR spectrometer and shows 
characteristic bands (cm-1) at 3530 (strong, OH), 1685
(medium, OH), 1605, 1500 (medium, aromatic C=C stretch), 1245 
(strong, S02), 1120 (strong, shoulder S02), 930 (strong, S-N) 
680 (medium, N-Br), (see Figure 7.1.8).
7.1.5. Di-chloramine-T.
Preparation of di-chloramine-T.
Recrystallised chloramine-T (30 gm) was dissolved in 500 
ml of water and pure chlorine from a cylinder (99.9% purity) 
was bubbled through the solution for about three hours. The 
fine white precipitate was filtered off, dried on the filter 
by sucking dry air through it and kept in a blackened vacuum 
desiccator overnight. The sample was left in a vacuum oven 
for 24 hours, then subsequently stored in brown bottles. The 
dry sample melted at 78-79°C ((lit. (104-105) 71-72°C and 
71-75 °C)) .
Spectral data of di-chloramine-T.
The UV Spectrum of DCT in aqueous solution was obtained
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Figure (7.1.7).
UV absorption spectrum of BAT in distilled water.
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(BAT Concn.=1.0x10 M ) .
Figure (7.1.8). Infrared spectrum of bromamine-T*
with a Pye Unicam SP1800 Spectrophotometer. The compound has 
a Amax at 232.8 nm (see Figure 7.1.9). The IR spectrum of the 
compound in a KBr disc was recorded on a Perkin Elmer 1750 
FTIR spectrometer and showed characteristic bands (cm”1) at 
1595, 1495 (strong, aromatic C=C stretch, 1305 (strong, S02), 
1120 (strong, shoulder S02), 670 (N-Cl) (see Figure 7.1.10).
7.1.6. Reagents and compounds.
Reagents for buffer solutions (acetate, and phosphate) 
were of AnalaR grade, and were used without further 
purification.
Adjustment of the pH of the acid solutions was made by 
the addition of sulphuric acid. In the alkaline range, the pH 
of solutions was adjusted by the addition of sodium 
hydroxide. The main solvent used for this work was distilled 
water.
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Figure (7.1.9).
UV absorption spectrum of DCT in distilled water.
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Figure (7.1.10). Infrared spectrum of di-chloramine-T
Table (7.1.1) The source of each compound used in the 
oxidative reactions in the present work.
Compounds Source Purity %
Succinimide
DL-Alanine
Glycine
L-Valine
DL-Serine
L-Proline
L-4-Hydroxyproline 
L-Arginine
Aldrich Chem. 
Company Ltd. 
Fluoro Chem. Ltd,
98
>99
-99
>99
All the amino-acids were purified by recrystallisation 
from water, and drying in a vacuum desiccator.
7.2 Apparatus and Instrumentation.
7.2.1. Ultra-Violet Spectrophotometric kinetic method.
The experimental procedure depends upon the change in 
concentration, and hence the change in absorbance of the 
added CAT solution as the reaction with amino-acids proceeds.
All UV kinetic measurements were performed using a Pye- 
Unicam SP1800 spectrophotometer. A water bath was maintained 
at the desired temperature, and the water circulated through 
the cell holder. The output of the instrument was recorded by 
a: Sinclair ZX spectrum Computer (Program written by Dr. G.J. 
Buist). Each reaction was carried out in standard 1.0 cm 
silica cells.
The two cells were placed in the cell compartments and 
allowed to reach the required temperature. Cell I was used as 
a reference, and Cell II contained the reaction mixture. The 
wavelength was set at the required value; 226 nm for the 
1.0xl0”4M concentration of CAT, 273.3 nm for the 
(5.0xl0”4- 3.0x 10”3M) concentration of CAT. The former is the 
wavelength at which CAT absorption is at a maximum and 273.3 
nm is the wavelength chosen to follow the reaction at the 
higher concentration. This is necessary because the maximum 
at 226 nm becomes out of range at such a concentration. 
With the SP1800 spectrophotometer, a scale 0-2, absorbance 
and a band width of 2 nm were used.
7.2.2. A mixing device was used for kinetic runs.
A mixing device was used to add between 5-20/^Lof the
amino-acid solution to the cell to ensure uniform mixing in 
short time. The mixing device consisted of a teflon block of 
dimensions approximately (9x9 mm) through which four small 
holes had been made (see Figure 7.2.1). The teflon block was 
attached to a polypropylene rod. A measured amount of the 
amino-acid solution was transferred to the holes in the 
teflon block by means of a microsyringe, and mixing with the 
cell contents was achieved by a single gentle plunge of the 
mixer.
7.2.3. pH measurements.
The PW 9409 digital pH meter and HI 8417 Microprocessor 
Bench pH meter were used. A magnetic stirrer was employed for 
mixing. The pH meter was calibrated from time to time with 
standard solutions (Potassium hydrogen phthalate pH = 4.0 and 
potassium dihydrogen phosphate pH = 7.0 at 20°C).
The electrodes were kept in distilled water at room 
temperature when not in use.
7.3. Experimental procedures.
7.3.1. Preparation of buffer solutions.
The prepared reactant solution was transferred to the pH 
cell, where fine adjustment of the pH was carried out at the 
required temperature by addition of small quantities of acid 
or alkaline solutions.
FIGURE ( 7.2.1).
A mixing device for kinetic runs
Mixer
© Teflon block
Cell
Acetate buffer.
Glacial acetic acid CH3COOH (M.Wt. 60.05) and sodium 
acetate CH3COONa (M.Wt. 82.04) were employed to prepare the 
acetate buffer as a stock solution to dilute to other 
concentrations, or at specified concentrations in the pH
range 4.5 to 4.8. Fine correction of the pH was carried out
by using sulphuric acid or sodium hydroxide.
Phosphate buffer.
A mixture of sodium di-hydrogen phosphate NaH2P04 .2H20 
(M.Wt. 156.01) and di-sodium hydrogen phosphate Na2HP04 
(M.Wt. 141.97) was employed to prepare phosphate buffers in 
the pH range 5.90 to 8.00. Fine adjustment of pH was carried 
out by addition of sodium hydroxide.
7.3.2. Experimental method: Reaction of the oxidising agent
with amino-acids.
A procedure was adopted for the introduction of
reactants to the reaction cell as follows:
(1) Amino-acid and oxidising agent in separate 
volumetric flasks were thermostated in a water bath at the
desired temperature.
(2) A known volume (2.5 cm3) of the reactant solution 
was injected into the spectrophotometer cell with a 5 cm3
syringe. Sufficient time (15-20 min.) was allowed for the
solution to attain thermal equilibrium in the cell 
compartment. Either a similar solution or distilled water was 
employed as a reference.
(3) After thermostatting, the required quantity of the 
amino-acid solution was injected into the mixing device by 
means of a microsyringe.
(4) The reaction was initiated by gently plunging the 
device into the cell, and the absorbance was immediately 
recorded by the computer. This technique of mixing the 
reactants meant that control of mixing time was limited to 
about 5 seconds.
7.3.3. Method of titration of chloramine-T bv sodium 
thiosulphate.
Iodometric titrations were used for the determination of 
unreacted chloramine-T during the oxidation of the amino- 
acids.
The iodometric method (106) involves quantitative 
conversion of iodide ion to iodine by chloramine-T as 
follows:
CH3C6H4S02NCl“Na+ + 2H+ + 21*
(69)
CH3C6H4S02NH2 + I2 + Na+ + Cl*
Sodium thiosulphate solution was prepared by dissolving 
A.R. Sodium thiosulphate crystals, Na2S203.5H20 in freshly
boiled out distilled water. Sodium carbonate (0.1 gm) was 
added to stabilise the thiosulphate solution. The solution 
was stored in the dark. A 10 % W/V of A. R. potassium iodide 
solution was used as a source of iodide.
The following procedure was used throughout the study.
(1) Sodium thiosulphate with the requisite molarity was 
transferred to a 50 ml burette.
(2) Stoppered flasks containing requisite amounts of the 
substrate were allowed to equilibrate in a water bath 
maintained at a desired temperature for about 30 minutes. The 
solution of the oxidant was taken in a separate flask and was 
placed in the same water bath.
(3) The reaction was initiated by rapid addition of CAT 
solution and the mixture was shaken.
(4) The course of the reaction was followed by pipetting 
out 10 ml aliquots of the reaction mixture at various time 
intervals and analysing the oxidant concentration by 
quenching the solution in a 100 ml flask with 5 ml portions 
of 10 % A. R. potassium iodide.
(5) The liberated iodine was titrated against sodium 
thiosulphate.
(6) Fresh 1 % solution of starch indicator was prepared 
daily and added when nearly all the iodine had reacted.
The reaction equation is as follows:-
I2 + 2S203”2 -----►21" + S406"2  (70)
7.3.4. Product analysis.
Products of the oxidation of amino-acid by chloramine-T,
were analysed by gas-liquid chromatography. The instrument 
used was a Pye-Unicam SP1800 which had a high accuracy 
temperature programmer and flame ionisation detection 
facilities. The column used for this analysis was a 1.5 
metre glass packed with styrene di-divinyl benzene resin 
(Chromosorb 101, Mesh 80-100). The flame ionisation detector 
was used with nitrogen carrier gas at a flow rate of 
40 ml/min. The chromatograph was calibrated by injecting 
a known amount of aldehyde or nitrile as a standard onto the 
column. A typical chromatogram obtained for this analysis is 
given in Figures (7.3.1-7.3.2). NMR spectra of the final 
products of the reaction between chloramine-T and amino-acids 
were obtained, using excess chloramine-T in one of the 
reactions (CAT = 0.5 M, alanine = 0.1 M) and excess amino- 
acid in another (CAT = 0.1 M, alanine = 0.5 M). Excess amino- 
acid resulted in an aldehyde, while excess CAT resulted in a 
nitrile. D20 was used as a solvent.
7.3.5. Determination of pKa of chlor»mlne-T.
The UV spectrophotometric method was used to obtain the 
spectra and the values of the absorbance of CAT solutions at 
different pH's. The ionisation constant (pKa) was calculated 
according to the following equation (Albert and Sergeant 
(107)) :-
A - A2
pKa = pH + log -------
" A
(7.3.1)
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where
A = absorbance of the mixture of ion and molecule at the 
same wavelength.
A2 = absorbance of ion at the analytical wavelength.
Am = absorbance of the molecule at the same wavelength. 
The chosen wavelength (called the analytical wavelength) 
is the one at which the greatest difference in absorbance 
between ion and molecule is observed. The value obtained for 
the pKa of CAT was equal to 4.53 (see Table 7.3.1 and Figure 
7.3.3).
Table (7.3.1). The values of the absorbance at different pH's
used for determination of ionisation constant 
(pKa) of CAT according to equation (7.3.1).
PH Absorbance
0.6 0.942
3.7 0.940
4.0 0.890
4.4 0.865
5.8 0.794
6.8 0.761
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7.3.6. The treatment of data for kinetic runs.
The two most convenient methods of determining the rate
constant for a first-order reaction and a consecutive first
order reaction, from the experimental results are the
standard infinity method, and Guggenheim's method. In the
first method, values of the absorbance reading at complete
reaction A were taken, and weighted least squares treatment
applied to the plot of In against time (Program
by Dr. G.J. Buist), the slope of the plot gave the rate
constant of the reaction. In the second method (Guggenheim's 
method) which was often used for slow reactions, two sets of 
absorbance readings were taken and the weighted least squares 
treatment applied to the plot of In(A^tj-A^t ,j) against time, 
the slope of the plot gave the rate constant of the reaction. 
For consecutive first order runs, the last stage was treated 
as above, then the first order plot for this stage was 
extrapolated back, and a first order plot for the previous 
stage (the first or the second) obtained by subtraction and 
taking logs (see section 2.3.2 and Figure 2.3.32-2.3.33).
CHAPTER EIGHT 
Summary
Summary
The present work has achieved the folowing :
1- The UV spectrophotometric technique has been shown to be 
an excellent method for following the reactions of CAT and 
related oxidants. With an appropriate choice of wavelength, 
concentrations of CAT in the range 1x10~4M to 3xlO”3M can be 
used in a 1 cm cell (the use of other pathlengths would 
extend the range).
2- Further evidence has been obtained for the formation of an 
intermediate in appreciable concentration in CAT oxidations. 
In the range pH 3-8 valine and arginine give Michaelis-Menten 
kinetics; the equilibrium constants for the formation of the 
intermediate are low (2 to 8) . In the range pH 2-3
consecutive first order kinetics were observed when the CAT
concentration was 3xlO“3M.
3- The oxidation of amino-acids by CAT is clearly a complex 
reaction, and a complete explanation of the kinetics cannot 
be given. However, it appears that in the range pH 3-8 the 
CAT anion RNC1~ is the oxidising species which attacks the 
amino-acid zwitterion. In the range pH 2-3 the dependence of 
rate on amino-acid concentration is slight, and it is
suggested that H0C1 or H20C1+ is the active oxidant, formed 
in a partly rate-determining stage from CAT. In the range pH
3-8 acetate and phosphate buffers were employed. It is
possible that the buffers effect the reaction in some way,
e.g. buffer catalysis, however this possibility was not 
investigated in the present work.
4- In the range pH 2-3 the rate constants for the second
stage of the CAT oxidations agree well with the corresponding 
rate constants of the N-chlorosuccinimide oxidations. This 
implies a common intermediate, probably a chloroester. In 
addition spectra taken during the NC1S oxidations show the 
formation and decay of a species where Amax is 245 nm. This 
species is probably an imine.
5- The kinetics of oxidations by di-chloramine-T show a two
stage reaction, the second stage being oxidation by CAT 
formed in the first stage. Attack by DCT is faster than 
attack by CAT by a factor of 2-7.
6- Some results obtained with BAT as oxidant indicate a
complex reaction, possibly involving HOBr or Br2 .
7- Preliminary work with N-bromosuccinimide showed a complex 
reaction. No agreement was obtained with any of the rate 
constants of the BAT reaction.
8- The NMR and GLC of the reaction products confirms that an 
aldehyde is the major product when amino-acid is in excess, 
and that a nitrile is the major product when CAT is in 
excess. It is suggested that the nitrile results from the 
oxidation of its imine intermediate.
“ i i U O
Appendix 1
Experimental data for the first order rate constants in the
CAT oxidation of 
concentration.
pH
2.7
3.6
3.6
3.6
3.6
3.6
3.85
3.85
3.85
3.85
3.85
3.85
4.5
4.5
4.5
4.5
5.2
5.2
:ine at 25 C,
[glycine]
/mol l"1
0.09
0.03
0.05
0.07
0.09
0.20
0.03
0.05
0.07
0.09
0.12
0.15
0.01
0.03
0.05
0.07
0.03
0.05
varying pH and
103 kuv 
/s-1
2.20
1.39
1.99
2.54
4.13
9.36
3.58
3.53
6.04
7.28
9.65
12.17
1.15
4.49
6.27
9.20
3.87
6.23
PH [glycine]
/mol l"1
103 *uv
/s-1
5.2
5.2
5.2
5.5
5.5
5.5
5.5 
5.5.
6.05
6.05
6.05
6.05
6.05
6.4
6.4
6.4
6.4
6.4
6.6 
6.6 
6.6
0.07
0.09
0.12
0.03
0.05
0.07
0.09
0.15
0.03
0.05
0.07
0.09
0.15
0.03
0.05
0.07
0.09
0.15
0.03
0.05
0.07
7.67
10.28
13.11
3.40
5.73
7.54
10.03
15.44
3.27
5.32
6.46 
8.90 
14.74
3.61
5.47 
7.29 
9.87 
17.9
4.02
5.36
7.36
- £ y u-
pH [glycine] 103 3cuv
/mol l"1 /s"1
6.6 0.09 10.44
6.6 0.12 13.64
7.0 0.03 3.66
7.0 0.05 5.98
7.0 0.07 8.27
7.0 0.09 10.06
7.0 0.12 12.52
7.0 0.15 17.10
8.1 0.03 3.17
8.1 0.05 4.92
8.1 0.07 7.58
8.1 0.09 10.06
8.1 0.12 12.19
Experimental data for the first order rate constants in the
CAT oxidation of glycine at 30 °C, varying pH and
concentation.
pH [glycine] 103 kuv
/mol l"1 /s"”1
2.4 0.012 0.08
2.4 0.02 0.12
2.4 0.03 0.17
2.4 0.05 0.22
2.4 0.09 0.40
3.3 0.02 0.83
3.3 0.03 1.32
3.3 0.05 1.90
3.3 0.07 2.59
5.4 0.012 1.76
5.4 0.02 2.74
5.4 0.03 4.34
5.4 0.05 6.60
5.4 0.09 10.7
Experimental data for the first order rate constants in the
o
CAT oxidation of glycine at 40 C and different concentrations 
of glycine ? pH = 4.5*
[glycine] 103
/mol l”1 /s”1
0.01 3.81
0.03 9.38
0.055 18.18
0.09 30.35
0.11 34.70
Appendix 11
Experimental data for the first order rate constants in the
o
CAT oxidation of alanine at 25 C, varying pH and 
concentration.
pH [alanine] 103 )cuv
/mol l”1 /s-1
3.4 0.02 0.98
3.4 0.03 1.25
3.4 0.04 1.39
3.4 0.096 3.94
PH
3.4
4.55
4.55
4.55
4.55
4.55
5.1
5.1
5.1
5.1
5.1
5.7
5.7
5.7
5.7
5.7
6.2 
6.2 
6.2 
6.2
[alanine] 103 kuv
/mol I*"1 /s”1
0.149
0.03
0.05
0.07
0.10
0.12
7.50
2.47
3.26
5.29
8.36
9.09
0.03
0.05
0.07
0.10
0.12
0.03
0.05
0.07
0.10
0.12
2.98
4.39
5.75
9.73
12.52
3.89
5.77
8.00
11.43
13.95
0.03
0.04
0.05
0.125
3.68
4.41
5.22
15.84
rx
PH
6.2
•7.0
7.0
7.0
7.0
7.0
7.65
7.65
7.65
7.65
8.0 
8.0 
8.0 
8.0 
8.0
9.0
9.0
9.0
9.0
9.0
[alanine]
/mol l"1
0.149
0.03
0.05
0.07
0.10
0.149
0.03
0.05
0.10
0.12
0.03
0.05
0.07
0.10
0.149
0.01
0.03
0.04
0.05
0.096
103
/s-1
18.73
4.81
6.99
9.28
13.38
19.79
3.95
6.50
12.33
14.31
4.24
6.61
9.47
12.89
20.01
0.92
3.10
3.53
4.02
7.98
Experimental data for the first order rate constants m  the
CAT oxidation of 
concentration.
PH
3.0
3.0
3.0
3.0
4.5
4.5
4.5
4.5
5.7
5.7
5.7
5.7
6.85
6.85
6.85
6.85
alanine at 30 °C
[alanine] 
/mol l"1
0.01
0.03
0.05
0.09
0.02
0.03
0.05
0.09
0.015
0.03
0.06
0.09
0.0004
0.0006
0.0008
0.0010
varying pH and
103
/s’1
0.39
0.53
0.61
0.81
I.85 
4.92 
8.21
II.4
2.61
5.28
11.1
16.0
0.13
0.18
0.28
0.31
Appendix 111
Experimental data for the first order rate constants in the
concentration.
pH [serine] 103 3cuv
/mol l”1 /s""1
4.0 0.05 1.53
4.0 0.07 2.51
4.0 0.09 3.21
4.0 0.10 3.38
4.0 0.126 4.35
4.4 0.04 2.13
4.4 0.05 2.81
4.4 0.07 4.09
4.4 0.09 4.90
4.4 0.126 7.40
4.9 0.02 2.06
4.9 0.04 3.97
4.9 0.05 5.16
4.9 0.07 6.70
4.9 0.08 7.92
[serine]
/mol l"1
103 ^uv
/s-1
5.2 0.
5.2 0.
5.2 0.
5.2 0.
5.2 0.
5.65 0.
5.65 0.
5.65 0.
5.65 0.
5.65 0.
6.55 0.
6.55 0.
6.55 0.
6.55 0.
6.55 0.
7.1 0.
7.1 0.
7.1 0.
7.1 0.
7.1 0.
7.5 0.
7.5 0.
7.5 0.
7.5 0.
7.5 0.
5.04
5.48
7.92
10.30 
11.15
2.96
4.02 
4.87 
7.18 
9.22
2.06
3.28
4.55
5.99
7.74
2.30 
3.43 
4.73 
5.51 
6.91
2.02 
3.02 
4.17
5.31 
6.98
04
05
07
09
10
02
03
04
05
07
02
03
04
05
065
02
03
04
05
065
02
03
04
05
07
Appendix IV
Experimental data for the first order rate constants in the
CAT oxidation of proline at 25 °C, varying pH and
concentration.
PH [proline]
/mol 1-1
10*3
/ s " 1
3.5
3.5
3.5
3.5
0.04
0.05
0.06
0.07
2.65
3.56
4.57 
5.50
4.2
4.2
4.2
4.2
0.01
0.02
0.04
0.05
1.12
2.54
5.09
6.47
4.7
4.7
4.7
4.7
4.7
0.01
0.02
0.03
0.04
0.05
2.26
5.02
7.79
10.10
12.37
5.2 0.01 2.82
[proline]
/mol l-1
103
/s"1
5.2 0.02 5.71
5.2 0.03 8.80
5.2 0.04 12.26
5.2 0.05 15.32
5.9 0.01 3.78
5.9 0.02 8.92
5.9 0.03 12.58
5.9 0.04 16.53
5.9 0.05 22.08
6.4 0.01 4.89
6.4 0.02 8.97
6.4 0.03 14.36
6.4 0.04 17.27
6.4 0.05 21.63
6.9 0.01 4.31
6.9 0.02 7.84
6.9 0.03 11.0
6.9 0.04 15.0
7.4 0.01 4.67
7.4 0.02 8.56
7.4 0.04 17.27
7.4 0.05 20.40
Appendix V
Experimental data for the first order rate constants in the
CAT oxidation of hydroxyproline at 25°C, varying pH and
concentration.
pH [hydroxyproline] 103 kuv
/mol 1“3 /s"1
3.8
3.8
3.8
3.8
0.03
0.04
0.05
0.07
0.91
1.18
1.44
1.96
4.4
4.4
4.4
4.4
4.4
0.01
0.02
0.03
0.04
0.05
1.02
1.58
2.29
3.05
3.99
4.7
4.7
4.7
4.7
0.02
0.03
0.04
0.05
1.97
3.26
4.32
5.47
5.2 0.01 1.64
[hydroxyproline] 103 kuv
/mol l"1 /s”1
5.2
5.2
5.2
5.2
0.02
0.03
0.04
0.05
3.19
3.78
5.39
6.21
5.7
5.7
5.7
5.7
5.7
0.01
0.02
0.03
0.04
0.05
1.77
3.38
5.32
6.74
8.66
6.6
6.6
6.6
6.6
6.6
0.01
0.02
0.03
0.04
0.055
1.76
3.01
4.40
5.52
7.38
7.0
7.0
7.0
7.0
0.01
0.02
0.03
0.05
1.69
3.01
4.81
8.27
7.4 0.01 1.56
7.4 0.02 2.88
[hydroxyproline] 103 kuv
/mol l"1 /s'"1
7.4 0.035 4.91
7.4 0.05 7.06
Appendix VI
Experimental data for the first order rate constants in the 
CAT oxidation of valine at 25 °C, varying pH and 
concentration.
pH [valine] 103 kuv
/mol I”1 /s“1
4.2 0.03 2.07
4.2 0.05 2.97
4.2 0.07 3.74
4.2 0.09 4.52
4.9
4.9
4.9
4.9
0.03
0.05
0.07
0.09
1.97
2.99
3.82
4.83
-JUJ-
pH [valine] 103 kuv
/mol I-1 /s”1
4.9 0.10 5.06
5.2 0.03 1.87
5.2 0.05 2.83
5.2 0.07 3.70
5.2 0.09 4.62
6.0 0.04 2.28
6.0 0.05 2.84
6.0 0.07 3.66
6.0 0.09 4.57
6.4 0.01 0.83
6.4 0.03 1.85
6.4 0.05 2.79
6.4 0.07 3.54
6.4 0.09 4.58
6.4 0.10 5.15
7.15 0.03 1.63
7.15 0.05 2.64
7.15 0.07 3.45
7.15 0.10 4.63
[valine]
/mol l"1
103
/s'1
7.7
7.7
7.7
7.7
7.7
Experimental data for the first order rate constants in
o
CAT oxidation of valine at 40 C, varying pH 
concentration.
pH [valine] 103 kuv
/mol l"1 /s"1
4.3 0.01 1.66
4.3 0.03 3.86
4.3 0.05 5.98
4.3 0.07 8.23
0.03
0.04
0.05
0.07
0.11
1.66
2.22
2.44
3.67
4.94
6.4 0.01 2.07
6.4 0.03 5.75
6.4 0.05 8.79
6.4 0.07 12.9
the
and
Appendix Vll
Experimental data for the first order rate constants in the
CAT oxidation of arginine at 25 °C, varying pH and
concentration.
pH [arginine] 103 kuv
/mol l”1 /s”1
5.2 0.05 7.14
5.2 0.07 8.67
5.2 0.08 9.01
5.2 0.13 11.96
5.2 0.15 13.45
6.1
6.1
6.1
6.1
6.1
0.07
0.09
0.11
0.13
0.15
8.33
9.29
10.92
11.49
13.24
6.6
6.6
6.6
6.6
6.6
0.05
0.07
0.09
0.13
0.15
7.90
9.90 
13.23 
14.48 
16.85
pH [arginine] 103 kuv
/mol I"”1 /s-1
7.2 0.09 9.67
7.2 0.11 11.65
7.2 0.13 12.75
7.2 0.15 14.37
8.1 0.09 11.89
8.1 0.11 13.07
8.1 0.13 15.44
8.1 0.15 16.47
9.1 0.07 7.53
9.1 0.09 8.77
9.1 0.11 9.79
9.1 0.13 10.69
9.1 0.15 12.29
Appendix VI11
Experimental data for the first order rate constants in the
. . oBAT oxidation of glycine at 25 C, varying pH and
conentration.
pH [glycine] 103 kuv
/mol I”1 /s”1
1.5 0.03 0.87
1.5 0.05 0.99
1.5 0.07 1.05
1.5 0.09 1.09
2.0 0.03 0.79
2.0 0.05 0.99
2.0 0.09 1.35
2.0 0.15 1.69
2.8 0.03 1.41
2.8 0.04 1.76
2.8 0.07 2.12
2.8 0.09 2.33
3.1 0.03 2.12
3.1 0.05 2.32
[glycine]
/mol l”1
103
/s”1
3.1 0.07 2.45
3.1 0.09 2.63
Appendix IX
Experimental data for the first order rate constants in the 
BAT oxidation of alanine at 25 °C, varying pH and 
concentration.
pH [alanine] 103 kuv
/mol l-1 /s”1
1.4
1.4
1.4
0.05
0.07
0.09
2.07
2.53
2.84
1.7
1.7
1.7
1.7
0.02
0.03
0.07
0.09
2.52
4.09
7.66
9.47
2.2
2.2
0.03
0.04
48.1
52.1
[alanine]
/mol l"1
!°3
/s”1
2.2 0.07 57.9
2.2 0.12 64.8
2.85 0.02 39.0
2.85 0.03 45.3
2.85 0.05 51.3
2.85 0.09 58.8
Appendix X.
Experimental data for the first order rate constants in the 
BAT oxidation of valine at 25 °C, varying pH and 
concentration.
pH [valine] 103 3cuv
/mol l"1 /s”*1
1.7 0.01 1.3
1.7 0.05 2.22
1.7 0.07 2.37
1.7 0.10 2.56
2.2 0.02 1.35
2.2 0.03 1.62
2.2 0.05 2.29
2.2 0.07 2.45
2.2 0.10 2.86
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